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                      Photoelectrochemical (PEC) water splitting is a promising technology for the 
production of clean hydrogen, long identified as a potential energy carrier for the much awaited 
hydrogen economy. Clean hydrogen is indeed capable of meeting the global energy demand 
placing minimal stress on the environment compared to hitherto combustion based technologies. 
Generation of clean hydrogen however, represents major challenges. Identification and 
development of suitable semiconductor materials as photoanodes exhibiting narrow band gap 
and superior solar-to-hydrogen efficiency (STH) combined with the desired PEC stability would 
represent a major breakthrough in the arduous path towards identifying and economically 
manufacturing commercially viable PEC water splitting systems. In addition to the photoanode, 
engineering of novel non-noble based cathode electro-catalysts with superior electrochemical 
activity for hydrogen evolution reaction (HER) compared to expensive state of the art noble 
metal electro-catalyst (e.g. Pt) will significantly contribute towards further lowering the cost of 
PEC water splitting cells.  
Keeping in line with these goals, a co-doping strategy was adopted in this study for 
generating photoanodes with systematic band gap engineering. Accordingly, the co-doping 
strategy was implemented to modify the band gaps of ZnO and SnO2, which exhibit good 
electron mobility but possess wide band gaps yielding poor PEC activity. It was demonstrated 
that by synergistically co-doping Co and N into the ZnO lattice, and Nb and N co-doping into 
SnO2 crystalline structure resulted in significantly improved light absorption properties offering 
4-5 orders of magnitude higher carrier density contributing to remarkably higher PEC activity 
with the highest applied bias photon-to-current efficiency (ABPE) (~4.1%) obtained for 
(Sn0.95Nb0.05)O2:N-600 nanotubes (NTs). The optoelectronic and PEC properties of 
(Sn0.95Nb0.05)O2:N-600 NTs are further improved by developing novel 1-D bilayer structures of 
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 v 
WO3 and (Sn0.95Nb0.05)O2:N-600. The novel bilayer composite heterostructures offered improved 
light absorption, high carrier density and efficient separation of photogenerated carriers leading 
to long carrier lifetimes. As a result, superior PEC activity and STH (~3.83%) under zero applied 
bias was achieved, which is the highest STH obtained so far compared to other well-studied 
materials such as TiO2, ZnO, α-Fe2O3, to the best of our knowledge. The composite bilayer 
structure also showed superior PEC stability in electrolyte solution under illumination. 
Furthermore, ultra-low noble metal containing non-noble metals based Co1-x(Irx) (x=0.3, 
0.4) and completely noble metal free (Cu0.83Co0.17)3P:x at. %S (x=10, 20, 30) solid solution 
electro-catalyst systems have been studied as cathode electro-catalyst for HER. The synergistic 
interaction of Co and Ir as well as Cu, Co, P and S offered excellent electrochemical properties. 
Accordingly, Co1-x(Irx) (x=0.3, 0.4) displayed ~40% and ~93% improved electrocatalytic 
response compared to Pt/C. On the other hand, (Cu0.83Co0.17)3P:30 at. %S showed HER response 
similar to that of Pt/C. These results together indeed reflect the significant advances made in the 
pursuit of non-noble metal electro-catalyst for HER replacing Pt/C, the expensive albeit, the 
prevalent gold standard HER electrocatalyst. 
           This thesis provides a detailed account of the fundamental study conducted into the 
synthesis, materials, characterization, photoelectrochemical and electrochemical response ably 
supported by first principles theoretical studies as required.  
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1.0  INTRODUCTION 
1.1 HYDROGEN-THE NEXT GENERATION FUEL 
           The major challenge that we are facing today is the identification of alternate clean and 
environmentally benign energy sources, capable of meeting the global energy demand. 
Currently, the major portion of this global energy demand (14,361 Mtoe) is completely met by 
the combustion of fossil fuels (Figure 1).1-3 However, the excess consumption and thus 
correspondingly, rapid depletion of fossil fuels has led to deleterious effects on the environment 
due to increased levels of pollutants (CO2, NOx, SOx, etc.) released into the atmosphere.4-11  
 
 
 
 
Figure 1: Current and predicted global energy consumption 
 2 
 
 
 
The current world population is estimated at 7.2 billion.1-3 It is predicted that the world 
population will rise by ∼48% in 2050, which will also lead to further increase in the global 
energy demand.1-3 Accordingly, the predicted global energy demand in 2050 is 19,679 Mtoe.1-3 If 
the global energy demand is continued to be met by the combustion of fossil fuels, the projected 
rise in CO2 (a major contributor of global greenhouse gas emissions) emissions will increase 
from ∼33 Gt in 2015 to ∼55 Gt in 2050.1-3 Despite rising awareness of these serious concerns, the 
predicted contribution from the renewable energy sources to global energy demand in 2050 is 
only ∼13%, as seen in Figure 1.1-3 The best solution to addressing these challenges and 
minimization of greenhouse gas emissions is the identification of clean (low carbon footprint), 
reliable, safe and economically producible energy source, which will be easy to store, distribute 
and capable of meeting the colossal global energy demand. This approach will help to minimize 
our dependence on fossil fuels and meeting the global energy demand in a sustainable and 
economic manner. 
           In this direction, hydrogen has been considered as a promising energy carrier as a 
replacement of gasoline, due to its high energy density (120 MJ/kg for H2 higher than 44.4 
MJ/kg for Gasoline) and environmentally benign nature.6-9, 11-13 Thus, being the most lightweight 
fuel and having low carbon footprint, it possesses ability in serving as promising energy source 
and offering clean, efficient, economic and reliable energy supply for meeting the global energy 
demand with minimum greenhouse gas emissions.14, 15 Hydrogen can be used as a fuel in proton 
exchange membrane fuel cells (PEMFCs) to produce electricity. PEMFCs offer number of 
advantages. They operate at low temperatures (<120oC) which results in quick start-up, extended 
durability of system components and low weight and volume due to elimination of additional 
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steps of fuel reformation. The simple system design would be reflected in the ease of operation, 
reduced cost and high reliability.5, 16-20 In addition, PEMFCs can be distributed easily without 
any need of central power generation.  
           These features of PEMFCs make them promising energy source for portable devices (e.g. 
Laptops, printers, cameras, etc.), stationary units (e.g. residential power systems, uninterruptible 
power systems, etc.) and automobile applications. Hence, hydrogen is indeed an attractive 
alternative to fossil fuels. In addition, H2 is an important chemical with global production rate of 
50 billion kg per year and used in petroleum refining and production of ammonia based 
fertilizers.21 Adopting hydrogen based fuel economy will help in lowering our dependence on 
fossil fuels and also minimize greenhouse gas emissions. However, the economic production of 
clean and pure hydrogen, along with cost effective storage and distribution are the roadblocks in 
the commercialization of hydrogen as a fuel, which need to be addressed.22, 23  
1.2 HYDROGEN PRODUCTION TECHNOLOGIES 
           Currently, the production of hydrogen on industrial level involves steam reforming of 
natural gas.7, 9 Other widely used methods for hydrogen production are partial oxidation of 
hydrocarbons and coal gasification. These processes are shown below as: 
• Steam reforming of natural gas 
    CH4 + H2O → CO + 3H2  
    CO + H2O → CO2 + H2 
• Partial oxidation of hydrocarbons 
    CnHm + 0.5n O2 → n CO + 0.5m H2 
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• Coal gasification 
    3C + O2 + H2O → 3CO + H2 
The drawback of these processes are high operating temperature (700oC-1000oC) and 
production of CO2-undesired greenhouse pollutant.7, 9 For these processes to be sustainable in the 
long time run, their coupling with technology of capture and storage of CO2 is important. The 
development of economical and cost-effective CO2 capture technology is very essential to have 
an environmental friendly process of production of hydrogen. There are currently a wide range 
of technologies available for CO2 capture. These processes have been practiced for a long time in 
chemical and petrochemical industries.24, 25 Existing technologies are based on physical or 
chemical separation of CO2, which include absorption, adsorption, cryogenics and membranes.24, 
25 Absorption techniques use a suitable solvent to absorb CO2 from flue gas stream. 
Alkanolamines e.g. monoethanolamine (MEA) and diethanolamine (DMEA) are used in 
chemical absorption while methanol, dimethylether, polyethylene glocol and sulfolanes are used 
in physical absorption.24, 25 Energy intensive solvent regeneration and equipment corrosion in 
presence of O2 are the key challenges in absorption technique which need to be addressed. 
Additionally, flue gas contaminants like SOx and NOx can have negative impact on the process 
performance.  
           Adsorption techniques such as pressure swing adsorption (PSA) and temperature swing 
adsorption (TSA), which utilize solid sorbents e.g. zeolites, alumina and activated carbon, also 
suffer from energy intensive regeneration.24-28 TSA requires long heating and cooling time 
leading to long cycle time and thus, large adsorbent inventory needs which increases the 
investment in adsorbent.25 In addition, repeated cycling is responsible for reduced adsorption 
capacity known as thermal aging for TSA.25 Porous membranes, which work on principle of size 
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exclusion, have a major drawback of low throughput, requiring multistage operation or stream 
recycling.24 For the cryogenic distillation, despite the delivery of a highly pure stream of liquid 
CO2 for transport and sequestration, the conditions are hard to achieve and maintain, leading to 
energy intensive operation and thus, high system cost.24 There is ongoing work on developing 
new process for CO2 capture, which will offer maximum efficiency with superior CO2 selectivity 
and minimum energy requirement. 
In addition to CO2 capture and storage, there is a lot of ongoing work on the 
improvement of catalytic steam reforming of natural gas with focus on thermal energy recovery, 
process integration and gas purification.29 There is also need for synthesizing new diluents, 
materials and solvents along with membrane reactors for separation of hydrogen gas from 
product streams of steam reforming of natural gas, as well as, partial oxidation of hydrocarbons 
and coal gasification. Hydrogen can also be produced from biomass consisting of agricultural 
and forest residues, industrial and urban wastes and organic waste materials using different 
biological processes and thermochemical processes viz., gasification and pyrolysis. These 
processes have drawbacks of low efficiency, low H2 output, high energy requirement and high 
operating cost. 
           All the above mentioned technologies are energy intensive and do not produce ultra high 
purity (UHP) hydrogen. Due to high input energy requirements and need of hydrogen separation 
from product mixtures, these technologies require high capital investments. In addition, these 
processes primarily depend on fossil fuel reserves. Currently, the global production of hydrogen 
is 65 million tonnes/year.30 Considering the predicted global energy demand of 30 TW (1800 
million tonnes H2/year) in 2050 and assuming completely adopted or commercialized hydrogen 
economy for energy production, we will need ∼28 times more hydrogen production in 2050, 
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compared to the current production rate of H2.31-33 Thus, if energy is being produced mainly by 
combustion of fossil fuels in 2050, ∼28 fold more fossil fuels need to be burnt, which is not 
viable. Hence, alternate technology of hydrogen production need to be identified. This 
technology should use clean fuel (low carbon footprint), low operating temperature without any 
greenhouse gas emissions and toxic or corrosive byproducts for sustainable and clean hydrogen 
production.8  
1.3 WATER SPLITTING 
           A promising approach for producing hydrogen is from splitting of water. This process is 
environmentally benign due to the low carbon footprint of water leading to generation of 
hydrogen with no greenhouse gas emissions and no toxic byproduct. However, this reaction is an 
uphill reaction with ∆G=237 kJ/mol (or 1.23 V) and requires external energy to drive this 
reaction.34 This reaction can be shown as follows: 
H2O(l) + 1.23 V → H2(g) + ½ O2(g) 
Thermolysis of water uses high temperature ( 1000oC) to overcome this reaction barrier, 
which results in the question of energy source which will deliver energy for such high operating 
temperature.8, 13 In addition, the back reaction of explosive mixture of H2 and O2 gases at high 
operating temperature is a serious concern, which needs to be addressed for its adaptation on 
industrial scale.13 Another approach for hydrogen production is electricity driven water splitting, 
known as, water electrolysis. Though this approach seems promising as it does not involve any 
greenhouse gas emissions and toxic byproducts, the high capital cost of water electrolysis cell 
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due to use of expensive noble metal electro-catalysts (e.g. IrO2, RuO2, Pt), along with use of 
relatively small and comparatively less efficient systems, combined with the added costs of 
customized power electronics, and labor intensive fabrication are some of the major challenges 
that needs to be addressed.14, 22, 35-43 However, the use of electricity for splitting of water is very 
lucrative, if the electricity is produced from sustainable and efficient renewable energy source. 
This approach will help in overcoming reaction barrier utilizing renewable energy source alone.  
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2.0  BACKGROUND 
2.1 SOLAR ENERGY-A PROMISING ENERGY SOURCE 
           The solar power is an important sustainable renewable energy source. The sun delivers 
massive average solar energy of 120,000 TW per year to the surface of the earth alone.44 Solar 
energy is a de-concentrated and a seemingly limitless, vast, environmentally clean natural source 
of energy, and thus, has long been considered as an attractive approach for solving the global 
energy crisis. These features of solar energy necessitates its capture and utilization using 
environmentally benign tools for meeting human energy needs.13 The use of solar cells is a 
promising known technology for production of energy using solar energy. However, the very 
low efficiency (10-20%) along with the high manufacturing costs are some serious challenges for 
solar cells that need to be addressed.13  Solar energy however, is sporadic, i.e. cloudy weather 
and night time darkness interrupt the continuous availability of solar energy requiring the use of 
alternative energy storage and conversion systems to be integrated in tandem. Hence, depending 
on the locations and the time period when the continuous availability of sunlight is not hindered, 
it becomes important to store electricity produced from solar cells in secondary devices (e.g. 
battery) to enable its use at other locations and .13 This approach however, involving the 
production of electricity from solar cells and storage in secondary devices will require coupling 
of solar cells with secondary devices possibly adding to the already prevalent high system 
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costs.13 Another lucrative approach of efficient utilization of solar energy is the conversion of 
solar energy to non-carbonaceous fuel, .i.e., hydrogen, which will be stored, distributed and 
utilized on energy demand. Different pathways of conversion of solar energy into hydrogen are 
outlined in Figure 2.13 
 
 
 
 
Figure 2: Different ways of production of hydrogen using solar energy13 
 
 
 
            Thermolysis of water produces hydrogen using heat generated from solar panels. This 
approach needs innovative engineering solutions to avoid back reaction of H2 and O2 gases at 
high operating temperature. The production from electrolysis using electricity produced either 
from solar cells or from electric generators (which convert mechanical energy produced from the 
heat generated in solar cells to electricity) is a promising approach. However, this approach has 
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the drawback of high system cost due to the use of expensive noble metal based electro-
catalysts(e.g. IrO2, RuO2, Pt), along with additional cost contributed due to customized power 
electronics and labor intensive fabrication, as mentioned earlier in Section 1.3. Photobiological 
hydrogen production uses sunlight and photosynthetic microorganisms for splitting water leading 
to simultaneous H2 and O2 production. This technique faces the challenges of low efficiency, 
requirement of intense light along with CH4 emission in the environment and poor long term 
stability of microorganisms due to the oxygen sensitive nature.45     
           Photocatalytic or photoelectro-catalytic water splitting involves the generation of 
electricity from the semiconductor material used in the same system for driving hydrogen 
evolution reaction (HER) which takes place on the surface of the cocatalyst or electro-catalyst. 
Thus, photocatalytic or photoelectro-catalytic water splitting is a promising approach for 
production of hydrogen from water, as it combines two promising systems, .i.e., solar cell which 
produces electricity and water electrolysis which is driven by electricity produced from solar 
cell. In addition, it does not involve any intense input energy requirements, any greenhouse gas 
emissions and toxic byproduct. Thus, photocatalytic or photoelectro-catalytic water splitting 
provides a promising stage for capture of vast and illimitable solar energy, as well as, storing it 
in form of chemical bonds, .i.e., hydrogen from water splitting reaction using non-carbonaceous 
and environmentally benign tools.8, 10 
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2.2 SOLAR WATER SPLITTING 
           Solar water splitting can be carried out using either photocatalysis or photoelectro-
catalysis. Though both approaches involve capture of solar energy and converting it to hydrogen, 
the difference lies in the water splitting cell employed for both approaches. Also, there is 
difference in the design of materials (Electro-catalyst and semiconductor materials) used for both 
approaches.  
2.2.1 PHOTOCATALYSIS 
           Photocatalytic water splitting is carried out in a small quartz reactor, in which a 
photocatalyst is dispersed in water, as shown in Figure 3. The photocatalyst consists of a 
semiconductor material that absorbs the solar energy, along with the cocatalyst/electro-catalyst 
(e.g. Pt, Pd) for driving the hydrogen evolution reaction (HER). The cocatalyst is dispersed on 
semiconductor material and used as photocatalyst, as shown in Figure 3.46, 47 
 
 
 
 
Figure 3: Schematic of photocatalytic water splitting 
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The steps involved in H2 generation from photocatalytic water splitting are as follows8, 10: 
1. Absorption of solar energy by semiconductor material, which excites electrons from valence 
band to conduction band leaving behind holes in valence band of semiconductor material 
2. Separation of photogenerated electron-hole (e--h+) pairs 
3. Flow of electrons to the cocatalyst and holes to surface of the semiconductor  
4. Hydrogen evolution reaction (HER) at the cocatalyst and oxygen evolution reaction (OER) or 
oxidation of water at the semiconductor material.  
The reaction scheme is shown as8, 10:  
At the semiconductor material (OER) 
2hν → 2e- + 2h+  
2h+  + H2O(l) → 1/2 O2(g) + 2H+  
At the cocatalyst (HER) 
2H+ + 2e- → H2(g)  
           One of the serious challenges for the photocatalytic water splitting is the simultaneous 
generation and back-reaction of H2 and O2 gases. Since, cocatalysts for water splitting reaction 
are often good catalysts for the back-reaction of H2 and O2, if the product gases (H2 and O2) are 
not rapidly removed in photocatalytic water splitting, the photostationary state will be reached 
where the forward and back reactions will have equal rates and no more net water splitting will 
occur leading to low efficiency of the process.48 Due to the explosive nature of (H2+O2) mixture, 
it is important to separate H2 from O2 immediately when formed. Thus, the additional energy 
 13 
consumed by gas separation assembly for the separation of (H2+O2) mixture reduces the overall 
efficiency of this process.48 
To avoid water oxidation reaction which produces O2 gas, sacrificial agents are often 
mixed with water for photocatalytic water splitting. The sacrificial agents serve as hole 
scavengers. The oxidation potential of the sacrificial agent is desired to be lower than that of 
water (1.23 V vs NHE). Due to lower oxidation potential of sacrificial agent, the holes oxidize 
the sacrificial agent instead of water during the water splitting process.49, 50 This avoids the 
formation of O2 gas and thus, further required separation of (H2+O2) mixture. The most 
commonly used sacrificial agent is methanol due to its lower oxidation potential (0.02 V vs 
NHE).49, 50 The reaction scheme of the photocatalytic water splitting using sacrificial agent is 
shown as49, 50: 
At the semiconductor material 
2hν → 2e- + 2h+  
2h+  + CH3OH(l) → CH2O + 2H+  
4h+ + CH2O + H2O → CO2(g)↑ + 4H+ 
At the cocatalyst 
2H+ + 2e- → H2(g)  
           Though the use of sacrificial agent avoids the generation of O2 gas, oxidation of sacrificial 
the agent produces CO2, an undesired greenhouse gas pollutant. It is therefore, necessary to 
separate (H2+CO2) mixture to generate ultra high purity (UHP) H2 gas. As described previously 
in Section 1.2, CO2 separation and storage is an energy intensive operation with requirement of 
high capital investment. Hence, photcatalytic water splitting with the use of sacrificial agent will 
lead to high system cost and thereby, reducing overall efficiency of water splitting process.  
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2.2.2 PHOTOELECTRO-CATALYSIS 
           Photoelectro-catalytic or photoelectrochemical water splitting involves generation of 
hydrogen in H-type cell, as shown in Figure 4. 
 
 
 
 
Figure 4: Schematic diagram of PEC water splitting in H-type cell 
 
 
 
In the H-type cell, the semiconductor material is coated on transparent electrodes (current 
collector) and placed in one compartment of electrolyte containing cell. This electrode serves 
photoanode and is involved in water oxidation reaction.48 The other compartment consists of 
electro-catalyst for HER (e.g. Pt) coated on porous titanium foil and this electrode serves as the 
cathode on which the HER takes place. The photoanode and cathode are separated by Nafion 
membrane to avoid mixing of H2 and O2 gases generated during water splitting process at each 
electrode.51  
The steps involved in H2 generation from PEC water splitting are as follows8, 10: 
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1. Absorption of solar energy by photoanode, which excites electrons from valence band to 
conduction band leaving behind holes in valence band of semiconductor material 
2. Separation of photogenerated electron-hole (e--h+) pairs 
3. Flow of photogenerated electrons to cathode and holes to surface of semiconductor material 
4. Hydrogen evolution reaction (HER) at cathode driven by cathode electro-catalyst and oxygen 
evolution reaction (OER) or oxidation of water at photoanode.  
The reaction scheme is shown as8, 10:  
At the photoanode (OER) 
2hν → 2e- + 2h+ 
2h+  + H2O(l) → 1/2O2 (g) + 2H+  
At the cathode (HER) 
2H+ + 2e- → H2 (g) 
           PEC water splitting involves generation of H2 and O2 gases in separate compartments of 
H-type cell (Figure 4) and thus, avoids the formation of explosive gaseous mixture. The separate 
generation of H2 and O2 gases avoids their back-reaction. In addition, this process does not 
require any gas separation assembly and sacrificial agent, as required for photocatalytic water 
splitting. This offers lower overall cost of the system and also, more efficient process than that of 
photocatalytic water splitting. Thus, PEC water splitting is a simple, promising and cost-effective 
approach for hydrogen production using solar energy for splitting of water involving minimum 
greenhouse gas emissions and no toxic byproduct.48 Fujishima and Honda’s first pioneer work on 
PEC water splitting using n-type TiO2 semiconductor material has placed PEC water splitting 
using semiconductor material among the frontrunners for economic production of hydrogen in an 
environmentally friendly manner.8, 52 If the challenges for the development of PEC water 
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splitting (discussed in Section 2.8) are successfully addressed, hydrogen fuel economy can be 
adopted for addressing the global energy demand employing renewable and environmentally 
benign tools/sources. As mentioned in Section 1.1, hydrogen generated from PEC water splitting 
can be used as a fuel in proton exchange membrane fuel cells (PEMFCs) to produce electricity.           
PEMFCs can be used as energy sources for portable devices (e.g. Laptops, printers, cameras, 
etc.), stationary units (e.g. residential power systems, uninterruptible power systems, etc.) and 
automobile applications. In addition, H2 can be used in petroleum refining (for processes such as 
hydrodesulfurization, hydrodenitrogenation, reforming, etc.), production of ammonia based 
fertilizers and industrially important chemicals like HCl, methanol, etc.21 
 
 
 
 
Figure 5: Hydrogen fuel economy 
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2.3 THERMODYNAMICS AND KINETICS 
           The energy required for splitting one mole of water into hydrogen and oxygen 
corresponds to the enthalpy of formation of one mole of water. The Gibbs free energy (ΔGf) is 
the minimum amount of the enthalpy of the reaction that needs to be applied via solar energy. 
From the electrochemists’ point of view, the minimum reversible cell voltage needed to be 
applied for splitting of water can be expressed by the equation V = ΔG/nF, where ‘n’ is the 
number of electrons per mole of product, .i.e., 2 in the case of water splitting, and F is the 
Faraday constant (96485 C/mol). At the standard conditions of temperature and pressure i.e. T = 
250C and P = 1 atm, ΔGf ~ 237 kJ/mol, ΔHf ~ 285 kJ/mol and thus, V ~ 1.23 V. This potential 
corresponds to the standard reversible cell potential with respect to water splitting.37, 53  
           For PEC water splitting where water splitting reaction is driven by solar energy, the 
semiconductor material (photoanode) must absorb the light with photon energy of 1.23 eV (equal 
to wavelength of ∼1000 nm) and convert the energy into H2 and O2 at the cathode and 
photoanode, respectively.8, 10 This process must generate two electron-hole pairs per molecule of 
H2 (2 × 1.23 eV = 2.46 eV) or four electron-hole pairs per molecule of O2 (4 × 1.23 eV= 4.92 
eV).8, 10  
           In practice under realistic conditions, the required cell voltage for water splitting reaction 
is higher than the thermodynamic ideal cell voltage (1.23 V). The cell voltage under practical 
conditions is the sum of the ideal thermodynamic cell voltage (1.23 V) combined with the 
voltage drop caused due to ohmic resistance (iRΩ) at a particular current density (‘i’) and the 
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overpotential at both the cathode and anode. The ohmic resistance is contributed mainly by the 
resistance by electrolyte solution and electrode resistance/contact resistance. The overpotential at 
the anode and cathode is caused due to the polarization resistance to reaction. The resistance to 
the reaction pathway occurring as a result of the non-Faradaic sub-steps such as specific 
adsorption, desorption and re-orientation steps causes ‘reaction polarization’ and contributes to 
the ‘reaction overpotential’.54 The charge transfer occurs at both the anode and cathode via a 
number of sub-steps and the barrier to such processes is known as ‘activation polarization’.54, 55 
The activation overpotential is dependent on the rate of exchange of electrons at the 
electrochemical interface under reversible conditions and on the reaction pathway or mechanism. 
The catalysts used at the cathode and anode are desired to increase the rate of the reaction at their 
respective electrodes by lowering reaction overpotential and activation overpotential.  
Considering the overpotential due to the voltage drop owing to the ohmic resistance and 
overpotential for the reaction at the anode and cathode, the required voltage for driving water 
splitting reaction is >1.23 V and thus, the semiconductor material must absorb light with photon 
energy of >1.23 eV (wavelength < 1000 nm).8, 10     
2.4 REACTION MECHANISMS 
           The mechanism for oxidation of water or OER at photoanode is given below, where the * 
represents an active site on the metal oxide surface56: 
2H2O → HO* + H2O + H+ + e- 
            → O* + H2O + 2H+ + 2e- 
       → HOO* + 3H+ + 3e- 
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  → O2 + 4H+ + 4e- 
Thus, OER occurs via two electron pathway. In the above mechanism of OER, third 
reaction is thus the rate determining step of this mechanism and it has been proved theoretically 
and experimentally in literature.22, 57-60  
HER can occur on the catalyst surface by two possible mechanisms, .i.e., Volmer- 
Heyrovsky mechanism or Volmer- Tafel mechanism, each containing two reaction steps54, 61: 
(I)  Volmer- Heyrovsky HER mechanism: 
1.  Volmer reaction: 
H3O+ + e- +M → MHads + H2O 
2.  Heyrovsky reaction: 
   MHads + H3O+ + e- → H2↑ + H2O + M 
or 
(II) Volmer- Tafel HER mechanism: 
1.  Volmer reaction: 
H3O+ + e- +M → MHads + H2O 
2.  Tafel reaction: 
   MHads +   MHads → H2↑ + 2M 
For state of the art electro-catalyst (Pt), HER occurs via Volmer-Tafel mechanism with Tafel 
reaction as rate determining step at low overpotential.61 
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2.5 DESIRED PROPERTIES OF SEMICONDCUTOR MATERIAL (PHOTOANODE) 
2.5.1 BAND GAP 
           The solar spectrum consists of abundant visible light (∼46%) with small amount of 
incoming solar energy lying in UV region (∼4%).8, 10 Hence, it is important for photoanode to 
exhibit superior visible light absorbing properties and thus, generate hydrogen from water 
splitting driven by visible light. Considering the range of wavelength of visible light (390-700 
nm) and also, the required voltage of >1.23 V which also accounts for the different losses due to 
overpotential as explained in Section 2.3, the photoanode must exhibit band gap in the range of 
∼1.6 eV- 3 eV.8, 10 The U.S. Department of Energy  has set the target band gap of 2 eV for usable 
semiconductor band gap in PEC water splitting.62 
2.5.2 BAND STRUCTURE 
           To achieve HER and OER at cathode and photoanode, respectively, with minimum 
overpotential, it is important to match band gap of semiconductor material with potential of its 
conduction and valence bands. 
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Figure 6: Energy band diagram for semiconductor material (photoanode) and cathode 
electro-catalyst 
 
 
 
As seen in energy band diagram of photoanode material and cathode electro-catalyst in Figure 6, 
when the semiconductor material is illuminated by light, the electrons are excited from the 
valence band to the conduction band leaving behind holes in the valence band. The free 
photogenerated electrons in the conduction band of the semiconductor material flow to the 
cathode, where they are involved in the HER in which the photogenerated electrons react with 
H+ ions (present in the electrolyte solution) to generate H2 gas. Holes present in the valence band 
of the semiconductor material correspondingly oxidize water and generate O2 gas by the OER. 
The reaction scheme of HER and OER is shown in Section 2.2.2. The driving force for the flow 
of photogenerated electrons depends on the difference between the conduction band edge of 
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semiconductor material and the redox potential of HER (0 V vs NHE).8, 10 If the conduction band 
edge of the semiconductor material is more negative than the standard redox potential of HER, 
then no external bias is needed to forcibly flow electrons from photoanode to cathode, as seen in 
Figure 6.8, 10, 63 In other words, no external bias is needed to match the Fermi level of the 
semiconductor material with that of the cathode electro-catalyst.8, 10 
           Similarly, if the valence band of semiconductor material is more positive than standard 
redox potential of oxidation of water (1.23 V vs NHE), then the holes generated can easily 
migrate to the surface of the semiconductor material and oxidize water without the need of any 
external bias.8, 10, 63 The driving force for the flow of photogenerated holes to the surface depends 
on the difference between the valence band edge and redox potential of oxidation of water. 
Hence, in order to facilitate the flow of photogenerated electrons from the photoanode to the 
cathode and oxidation of water driven by holes without the any need of external bias, the 
semiconductor material is desired to exhibit a conduction band edge more negative than 0 V vs 
NHE and a valence band edge that is more positive than 1.23 V vs NHE. In other words, the 
semiconductor material should possess an appropriate band structure such that the reduction and 
oxidation potential of water lie within its band gap.8, 10  
           Since 1.23 V (vs NHE) is the standard redox potential for driving the water splitting 
reaction, the semiconductor material is expected to offer a photovoltage of >1.23 V (considering 
overpotential losses) for driving the water splitting reaction just by solar energy alone without 
the need for any external electrical energy, the standard energy bias provided to realize the 
reaction. If the semiconductor material has the appropriate band structure as explained above, the 
semiconductor can easily alone offer the desired photovoltage of >1.23 V for driving the water 
splitting reaction utilizing solar energy alone without need of any external applied bias.8, 10 
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2.5.3 ELECTRICAL CONDUCTIVITY 
           The semiconductor material should have high electrical conductivity which will offer fast 
charge transport in the semiconductor material. Electrical conductivity is directly proportional to 
the product of number of carriers or carrier density and electron mobility of the semiconductor 
material. Thus, the semiconductor material should exhibit high carrier density and electron 
mobility for achieving superior charge transport. High electron mobility is expected to offer fast 
movement of the photogenerated electrons from the semiconductor material to the current 
collector and then to the cathode. In addition to improved electrical conductivity, high carrier 
density will offer more number of photogenerated carriers (electrons and holes) available for 
HER and OER at cathode and photoanode, respectively.8, 10, 64, 65 
2.5.4  RECOMBINATION OF THE PHOTOGENERATED CARRIERS      
           As mentioned in Section 2.2.2, when the semiconductor material is illuminated with light, 
the electrons are excited from valence band to conduction band leaving behind holes in the 
valence band. These photogenerated electrons then flow to cathode, where they participate in 
HER. Ideally, the lifetime of the photogenerated electrons should be high such that maximum 
photogenerated electrons flow to the cathode and react with H+ ions in the HER process to 
produce the desired H2 gas. However, the photogenerated carriers, i.e., electrons and holes, 
recombine very rapidly (∼10 ns) emitting light or generating  phonons, due to which very few 
carriers are available for the reaction at both the electrodes leading to poor efficiency.66-69 The 
recombination of the photogenerated carriers in the semiconductor material is a deactivation 
process and includes recombination from both, the surface and the bulk.8, 10 The defect sites in 
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the semiconductor material also act as sites for trapping and recombination of the photogenerated 
carriers. Hence, the semiconductor material is desired to exhibit high crystallinity or possess very 
low density of defects to achieve minimum recombination of photogenerated carriers.  
           The recombination of the photogenerated carriers limits the photovoltage offered by the 
semiconductor material and thus, reduce the ability of the semiconductor material to drive the 
water splitting reaction using just solar energy alone without the use of any external bias.10 Thus, 
even if the semiconductor material has the appropriate band structure as mentioned in Section 
2.5.2 such that the conduction band edge is more negative than the standard redox potential of 
HER (0 V vs NHE) and the valence band edge is more positive than the standard redox potential 
of oxidation of water (1.23 V vs NHE), recombination of photogenerated carriers lower the 
photovoltage for water splitting reaction. Hence, it is extremely important to minimize the 
recombination of photogenerated carriers to achieve the photovoltage of >1.23 V and thus, result 
in unassisted PEC water splitting.10 
          From the above, therefore, it is clear that achieving fast charge transport along with 
minimum recombination of the photogenerated carriers is of paramount importance in achieving 
long carrier lifetime and high efficiency of PEC water splitting. The long carrier lifetime will 
offer more availability of the photogenerated carriers to complete the reactions at both the 
electrodes leading to high efficiency of the PEC water splitting process.   
2.5.5 PHOTOELECTROCHEMICAL STABILITY 
           The semiconductor material should exhibit superior long term photoelectrochemical 
stability for continuous H2 production from PEC water splitting process. Photogenerated holes 
are mainly responsible for the photocorrosion of the semiconductor material.8, 10 Semiconductor 
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material such as sulfides and selenides have the major drawback of photocorrosion in the 
electrolyte solution.  
e.g. CdS is self-oxidized by the photogenerated holes rather than water in the long term 
photocatalytic water splitting operation.8, 10 
CdS + 2h+ → Cd2+ + S 
This can be avoided if the carrier transport and thus, the kinetics of water oxidation reaction or 
OER on the semiconductor material are rapid enough such that the holes are rapidly consumed in 
OER. As a result, consequently, less holes are available on the surface of the semiconductor 
material which may possibly cause photocorrosion of the semiconductor material.8, 10  
2.6 DESIRED PROPERTIES OF THE CATHODE ELECTRO-CATALYST 
           The electrochemical activity of the cathode electro-catalyst for HER depends on the 
binding of the reaction intermediate  on the electro-catalyst surface, as per the mechanism of 
HER shown in Section 2.4. To achieve the much desired superior electrochemical activity, there 
should be optimal adsorption and desorption of Had on the electro-catalyst surface with neither 
too strong or too weak binding. The degree of binding of the adsorbed H  with the electro-
catalyst surface can be described by a parameter, ∆GH* which is the free energy of Had on the 
electro-catalyst surface.89, 90 If ∆GH*is more positive, it will lead to poor binding of H atom with 
electro-catalyst surface.70, 71 On the other hand, more negative ∆GH* indicates too strong binding 
of H atoms on the electro-catalyst surface.89, 90 For the cathode electro-catalyst, ∆GH*is desired to 
be close to 0 eV, which indicates easy adsorption and desorption of hydrogen atoms from the 
electro-catalyst surface.72-74 For the state of the art cathode electro-catalyst (Pt), ∆GH*∼0 eV.89, 90 
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Based on the above, following are the desired properties for cathode electro-catalyst:  
• High electrical conductivity 
• Superior electrochemical activity for HER with minimum onset potential  
• Facile electron transfer kinetics (low charge transfer resistance) 
• Excellent long term electrochemical stability 
2.7 SOLAR-TO-HYDROGEN EFFICIENCY  
          The solar-to-hydrogen efficiency (STH) of the photoanode materials is defined as a term to 
be used in the absence of bias (for zero applied potential, V = 0) and in the presence of bias, the 
efficiency is considered as the applied bias photon-to-current efficiency (ABPE), which is 
calculated using the equation75-79:      
 
 
 
 
Equation 1 
 
where, nH2 = H2 evolution rate (mol/sec) 
∆Go =Gibbs free energy for generating one mole of H2 from water (237130J/mol) 
P = Total incident power (W/cm2) 
A = Area irradiated by incident light (cm2) 
I = Photocurrent (A) 
V = Bias voltage applied  
           STH is an important parameter, which relates to the efficiency with which the incident 
sunlight photons can produce H2 gas from the water splitting process. Ideally high STH is 
desirable in PEC water splitting with the input of only solar energy and correspondingly, no 
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external bias is required. Thus, the onset potential for water splitting process to occur under 
illumination should be ≤ 0 V. This indicates that hydrogen is produced in the PEC water splitting 
process via the assistance of only solar energy and no external bias of electrical energy, with the . 
However, in a specific case, if bias is applied in PEC water splitting process, its contribution 
(Voltage, (V)).(current, (I)) to STH is subtracted, as shown in Equation 1. Envisioning hydrogen 
production on an industrial scale from PEC water splitting, it is important to achieve a high STH 
using solar energy alone with no applied external bias indicating the capability of the solar 
energy in achieving hydrogen production in a large scale from the PEC water splitting process. 
           Thus, semiconductor material and cathode electro-catalyst exhibiting properties discussed 
in Section 2.5 and Section 2.6 should exhibit superior electrochemical activity with minimum 
activation and reaction overpotential (Section 2.3) to achieve a high STH and good long term 
stability for robust H2 production from PEC water splitting. The target set by U.S. DOE for STH 
is 10% for H2 production from the PEC water splitting process.80 
2.8 CHALLENGES FOR PEC WATER SPLITTING 
           As discussed above, PEC water splitting is a promising approach for the production of 
hydrogen using solar energy for splitting of water. However, its progress towards 
commercialization has been stymied by the lack of availability of an ideal semiconductor 
material for photoanode exhibiting properties mentioned in Section 2.5. The development of 
suitable semiconductor materials exhibiting excellent light absorption properties, high electrical 
conductivity, superior photoelectrochemical activity and long term photoelectrochemical 
stability will be a major breakthrough in the field of PEC water splitting.8, 10  
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           In PEC water splitting to date, TiO2, ZnO and α-Fe2O3 have been widely studied as 
promising semiconductor materials due to their light absorption ability, low cost and ease of 
availability. Amongst these semiconductor materials, TiO2 is one of the most promising and 
widely studied material as a photoanode. TiO2 offers the advantages of being abundant and is 
indeed stable in aqueous solutions under irradiation with strong photocatalytic activity under UV 
light irradiation. However, TiO2 is still not viable for commercialization of PEC water splitting, 
mainly due to its low intrinsic electrical conductivity, poor visible light absorption due to its 
wide band gap (∼3.2 eV) and significant carrier recombination resulting in poor 
photoelectrochemical activity.65, 81, 82 The photoelectrochemical activity of α-Fe2O3 on the other 
hand, is limited by short diffusion length of photogenerated minority carriers, high resistivity, 
low electron mobility (∼10-2 cm2 V-1 s-1)83-86 and high recombination rate of photogenerated 
carriers.48, 87 Also, the conduction (CB) band edge of α-Fe2O3 lies 0.2-0.4 eV positive of 0 V 
(standard redox potential of HER) suggesting the need for an external bias to drive the HER, 
which reduces the overall efficiency of the water splitting process.88 ZnO and α-Fe2O3 both, 
have poor long term photoelectrochemical stability in aqueous electrolyte solution, along with 
poor visible light absorption properties.83-85, 88 Other non-oxide materials such as sulfides and 
selenides exhibit low band gaps (2.4 eV for CdS and 1.7 eV for CdSe) and hence, superior light 
absorption properties. However, these systems face the serious problem of photocorrosion in 
aqueous electrolyte solution under illumination.8, 88-90 Hence, non-oxide materials have not been 
explored in detail so far as photoanodes for PEC water splitting, as compared to the widely 
studied metal oxide semiconductors which are comparatively stable in the electrolyte solutions. 
The maximum STH, achieved so far to the best of our knowledge is ∼1.7% for Au/TiO2 
nanotubes91, which is significantly lower than the DOE target of STH of 10%.80 This therefore, 
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warrants further development of semiconductor materials offering excellent optoelectronic 
properties, superior photoelectrochemical activity and stability. 
           Another important aspect of PEC water splitting is the cathode electro-catalyst which 
drives the HER. The HER process to date, mostly relies on the use of state of the art electro-
catalyst, Pt/C, which has superior electrochemical activity and excellent electrochemical 
stability. However, Pt/C being expensive, considerably increases the materials cost of the PEC 
water splitting cell. Hence, it is important to reduce Pt loading to ultra-low level without 
compromising the electrochemical activity and stability. Over the years, there has been 
significant efforts focused at reducing the Pt content by alloying of Pt with transition metals such 
as Fe, Sn, Ni, Mo92-101, which offers reduction in loading of Pt, without compromising the 
electrochemical performance. High performance of Pt based metal alloy catalyst is attributed to 
the decrease in the Pt-Pt interatomic distance, well dispersion of Pt over support and modified 
electronic structure of Pt due to shift in d-band center, which is responsible for high catalytic 
activity due to reduction in adsorption/dissociation energies for adsorbate.96, 97, 102 Though Pt 
loading is desired to be reduced to ultra-low levels, the ultimate goal is indeed the development 
of Pt free electro-catalyst with superior electrochemical activity and stability than Pt/C, which 
will help in reducing materials cost of PEC water splitting cell. There is clearly research work 
conducted in this area with more activity focused in recent years. 
          In summary, if the challenges of PEC water splitting dicussed above, are indeed addressed 
by developing novel semiconductor materials with excellent optoelectronic properties, superior 
photoelectrochemical activity and stability and platinum-free cathode electro-catalyst with 
superior electrochemical activity for HER and stability than Pt/C, it is conceivable that hydrogen 
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production from water splitting reaction driven by solar energy on industrial scale could soon be 
a reality. Such a development will indeed help in addressing the problem of global energy crisis. 
  
Challenges for the development of PEC water splitting 
The development of PEC water splitting for economic and efficient hydrogen production has 
been constrained by the challenges facing both photoanode and cathode materials, which need to 
be addressed. These limitations are listed below: 
 
Challenges affecting the selection of suitable photoanode systems 
 Wide band gap resulting in poor light absorption (~2.3-5 eV)81, 82, 103 
 Low electron mobility (~0.01-1 cm2 V-1 s-1)86, 104 
 High recombination of the photogenerated carriers (~50-60% of incident light intensity 
resulting in poor carrier lifetime of ~10 sec at -0.2 V vs RHE which is at near zero applied bias 
and selected following published reports in the literature)65, 105 
 Poor STH (~0.11%-1.63%)64, 91, 106 
 Poor long term photoelectrochemical stability in the electrolyte solution under illumination 
(~1-6 h)64, 107  
The paucity of an ideal semiconductor material exhibiting properties overcoming the challenges 
mentioned above is a major impetus for the development of novel materials PEC water splitting. 
Hence, there is a major need for research to be conducted to identify and develop novel 
semiconductor materials with unique electronic structure, which will help in achieving superior 
STH and excellent long term PEC stability. This thesis outlines efforts made to overcome and 
address some of these issues outlined above. 
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Challenges for cathode electro-catalysts 
As mentioned in the previous section, it is important to identify novel reduced/zero noble 
metal containing electro-catalyst displaying excellent electrochemical activity and stability, 
superior than that of expensive Pt/C, which will aid in lowering the cost of PEC water splitting 
cells. The present thesis also outlines efforts made in this direction to reduce noble metal content 
in identifying novel electrocatalysts with the ulimtate goal of even completely eliminating the 
presence of any precious or noble metals. 
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3.0  MOTIVATION AND SPECIFIC AIMS 
3.1 MOTIVATION 
3.1.1 SEMICONDUCTOR MATERIALS FOR PHOTOANODE 
           Among all semiconductor materials studied thus far discussed in the earlier chapters,  
ZnO has shown considerable potential for hydrogen generation from PEC water splitting due to 
its higher electron mobility (∼155 cm2 V-1 s-1 for ZnO vs ∼10-1 cm2 V-1 s-1 for TiO2 and ∼10-2 cm2 
V-1 s-1 for α-Fe2O3).83, 86, 108 The high electron mobility helps achieve fast electron transport from 
the semiconductor material to the current collector due to the superior electrical conductivity 
(Section 2.5.3).109 However, poor light absorption arisng from the wide band gap (∼3.2 eV) 
results in poor photoelectrochemical activity, along with inferior long term stability which are 
the primary key issues for the use of ZnO as the photoanode for PEC water splitting.65, 106, 110 
This problem has been largely addressed mainly by tailoring the ZnO electronic structure to 
narrow the band gap by doping the oxide with various metal/non-metal dopants.111-113 Thus far, 
to the best of our knowledge, the maximum applied bias photon-to-current efficiency (ABPE) 
achieved for ZnO based semiconductor materials is just 0.75% achieved for carbon-doped ZnO 
porous nanoarchitectures110, 114. The low efficiency thus, will certainly not aid in the 
commercialization of PEC water splitting cells. Hence, the selection of suitable dopants is 
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important for ZnO, which necessitates systematic band gap engineering of ZnO fto improve its 
photoelectrochemical activity.  
           The doping strategy in ZnO is expected to lower the band gap and thus, improve light 
absorption due to the additional electronic states of dopants introduced into the band gap of 
ZnO.65 In addition to improved light absorption properties, doping of ZnO will offer improved 
carrier density leading to more photogenerated carriers available for reaction at both the 
photoanode and cathode.64, 106  The improved carrier density will offer improved band bending 
due to increased Fermi level at the semiconductor-electrolyte interface and thus, more efficient 
separation of photogenerated carriers, as discussed previously in Section 2.5.4. The criteion for 
the selection of suitable dopants is that the electronic states of dopants should overlap with the 
states of ZnO to transfer the photogenerated electrons to the cathode electro-catalyst (involved in 
HER) and correspondingly, transfer the photogenerated holes to active sites on the surface of the 
semiconductor material of the photoanode (involved in water oxidation reaction) within the 
electron hole carrier lifetimes.115 The cationic dopants, which give localized d states in the band 
gap of ZnO, offer recombination sites for photogenerated carriers beyond an optimum 
concentration. This is also expected to result in poor photoelectrochemical activity of ZnO doped 
with cationic dopant, beyond an optimum concentration of the cationic dopant.115, 116 Hence, 
identification of suitable dopants and the corresponding effective concentration is important for 
achieving systematic band gap engineering with the aim of reducing the band gap of ZnO and 
also, simultaneously improving the photoelectrochemical performance of the oxide.  
           The computational study of cobalt doping in ZnO by Assadi et al. has shown the red shift 
in light absorption from UV to the visible region due to a reduction in the band gap of ZnO 
following the introduction of Co-3d states at the bottom of the conduction band of ZnO by cobalt 
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doping.117 Also, cobalt doping in ZnO offers improved catalytic activity for dye decomposition 
under UV light illumination, as reported earlier.116 However, cobalt to date has not been explored 
as a dopant for ZnO for PEC water splitting application, to the best of our knowledge. Also, 
cobalt doping will have minor influence on the crystal lattice of ZnO, due to the smaller ionic 
radius of Co2+ (∼0.56Å) compared to Zn2+ (∼0.60 Å), which will facilitate easy substitution of 
Zn2+ by Co2+ with minimum lattice strain.118 Hence, cobalt is selected as a dopant in this study 
for ZnO.  
           The study of nitrogen doped TiO2 by Hoang et al. showed that nitrogen is a potential 
anionic dopant for TiO2.119 N-doping in TiO2 offered significantly improved carrier density and 
reduced band gap resulting in improved ABPE, compared to pure TiO2.119 The improved photo-
response following N doping in TiO2 can be attributed to the introduction of N 2p states near 
valence band edge of TiO2, which helped in lowering the band gap. The N 2p orbital has higher 
potential energy than the O 2p orbital in ZnO. When N atoms are substituted for O atoms in 
ZnO, the HOMO (highest occupied molecular orbital) of the material is expected to shift higher 
without affecting the level of the bottom of the conduction band (i.e., lowest unoccupied 
molecular orbital, LUMO), which will help in lowering the band gap of ZnO.34 Thus, N as an 
anionic dopant satisfies the condition for the selection of suitable dopant, as mentioned earlier. 
Based on the above, Co and N are selected as co-dopants for conducting a systematic band gap 
engineering study of ZnO in this research proposal as electronic states corresponding to Co and 
N are expected to be introduced at the bottom of the conduction band and top of the valence band 
of ZnO, respectively as shown in Figure 7.114 
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Figure 7: Effect of Co and N co-doping on the band hap of ZnO 
 
 
 
The nanowire geometry is also chosen, on the grounds of its advantages which include high 
surface area providing a large area of electrolyte-electrode contact combined with providing an 
efficient path for transport of photogenerated carriers in the material thereby offering reduced 
probability of recombination of the photogenerated carriers as shown in Figure 8.120-122 
Following this strategy, vertically aligned Co and N co-doped ZnO nanowires (VANWs) are 
studied as photoanode for PEC water splitting with the aim of achieving improved light 
absorption properties, superior electronic properties, excellent photoelectrochemical activity and 
superior long term stability. To the best of our knowledge, a detailed careful assessment of the 
reported literature that was conducted to date, indicated non-existence of any reports on Co and 
N co-doped ZnO nanowires synthesized by a simple liquid phase deposition (LPD) approach on 
fluorine doped tin oxide (FTO) glass slides combined with any reported study of their activity as 
photoanode for PEC water splitting with consideration of different concentration of dopants. The 
present thesis therefore describes the detailed research that was conducted in this system. 
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Figure 8: Vertical orientation of semiconductor material facilitating charge transport in 
the material 
 
 
 
          Following the work described above, similarly, tin oxide, SnO2 has also been identified as 
a promising semiconductor material in dye sensitized solar cells (DSSCs) due to its good 
electron mobility and in addition, it also exhibits high corrosion resistance in the aqueous 
electrolyte solution.22, 123 The electron mobility of SnO2 (∼100-200 cm2 V-1 s-1) is orders of 
magnitude higher than that of TiO2 (∼10-1 cm2 V-1 s-1 and ∼10-2 cm2 V-1 s-1 for α-Fe2O3).108, 109 
As mentioned earlier, the high electron mobility will offer fast electron transport from the 
semiconductor material to the current collector.109 However, SnO2 has wide band gap of ∼3.5 eV 
due to which it has not been explored as a photoanode thus far for PEC water splitting, to the 
best of our knowledge.88 Similar to the case for ZnO desicussed above, SnO2 can also be 
considered promising for PEC water splitting, if its band gap can be lowered significantly, 
thereby, improving its light absorption properties, which clearly warrants a systematic band gap 
engineering using suitable dopants for SnO2. Niobium is clearly, a well-studied dopant for SnO2 
for transparent and conductive oxide thin films (TCO), used mainly to improve the electrical 
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conductivity of SnO2.124-126 Niobium is considered as an effective dopant due to its abundant 
electronic states and minor influence on SnO2 lattice structure. Further, the lower ionic radii of 
Nb4+ (69 pm) than Sn4+ (71 pm), also contributes to minimum lattice strain.127, 128 The doping of 
Nb into SnO2 is thus expected to introduce additional electronic states of Nb at the bottom of the 
conduction band of SnO2, reducing the band gap of SnO2 as seen in Figure 9.60 Further, as 
mentioned earlier for the case of cobalt doping in ZnO, the position of the electronic states of Nb 
at the bottom of the conduction band of SnO2 is advantageous since electronic states introduced 
by the dopants near the middle of the band gap of SnO2 can facilitate recombination of 
photogenerated carriers. Hence, Nb is chosen as a potential dopant for SnO2 in this study. 
 
 
 
 
Figure 9: Effect of Nb and N co-doping on the band hap of SnO2 
 
 
 
The wide band gap of SnO2 is mainly due to the deep position of the valence band position (O 2p 
orbital) at high potential.34 This issue similar to ZnO can be addressed by systematic upward 
shift of valence band, without affecting the position of the conduction band, by introduction of 
suitable dopant into SnO2 to suitably alter its electronic structure. In the same vein, nitrogen has 
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also been used in conjunction with niobium as a co-dopant for SnO2 in this study. Similar to the 
case of doping in ZnO, N doping is expected to shift the valence band of SnO2 upwards without 
affecting the conduction band due to the reasons mentioned before as shown in Figure 9. In this 
research study therefore, vertically aligned Nb and N co-doped SnO2 nanotubes (VANTs) are 
studied as photoanode for PEC water splitting. To the best of our evaluation of the widely 
reported literature, there are no reports to date on the study of photoelectrochemical activity of 
Nb and N co-doped SnO2 NTs as photoanode for PEC water splitting justifying the need for a 
detailed study of this system as planned in the current research. 
           The research work described in the two specific aims detailed in Section 5.1 and Section 
5.2, in the subsequent chapters focus primarily on outlining the experimental work and results of 
the PEC activity of the two doped nanoscale configurations belonging to ZnO and SnO2 systems, 
respectively. The work described in Section 5.1 and Section 5.2 primarily address the band gap 
engineering of the parent materials for improving the photoelectrochemical activity of ZnO and 
SnO2. As discussed in Section 5.2, accordingly, (Sn0.95Nb0.05)O2:N-600 NTs is considered indeed 
a promising band gap engineered system exhibiting excellent long term stability and the highest 
applied bias photon-to-current efficiency (ABPE) of 4.1% obtained using Pt as the HER electro-
catalyst (cathode). The ABPE of (Sn0.95Nb0.05)O2:N-600 NTs can be further improved by 
minimizing the recombination of the photogenerated carriers, which can be achieved by 
efficiently separating the photogenerated carriers. The photogenerated carriers, i.e. the electrons 
and holes, recombine very rapidly (∼10 ns), due to which very few carriers are available for 
executing the reactions at both electrodes leading to poor efficiency.88 The efficient separation of 
the photogenerated carriers will significantly aid in minimzing the recombination and thus, 
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improve the photoelectrochemical activity and consequently help in enhancing the ABPE with 
minimum applied bias.  
           This can be achieved by developing a novel bilayer structure. Hence, if 
(Sn0.95Nb0.05)O2:N-600 NTs is coupled with other semiconductor material whose conduction 
band is below that of (Sn0.95Nb0.05)O2:N-600 NTs, the photogenerated electrons in the 
(Sn0.95Nb0.05)O2:N-600 NTs structure can easily flow from the conduction band edge of 
(Sn0.95Nb0.05)O2:N-600 NTs to that of the other semiconductor material, offering efficient 
separation of the photogenerated carriers and thus, increase the number of photogenerated 
electrons available for HER, as shown in Figure 10. Hence, a bilayer composite structure of 
WO3 coupled with (Sn0.95Nb0.05)O2:N-600 NTs forming a hybrid structure, denoted as, [WO3-
(Sn0.95Nb0.05)O2:N-600] NTs has been generated in this research study and studied as the 
potential semiconductor material for photoanode of PEC water splitting, based on the suitable 
position of the band edges and the known excellent electrochemical stability of WO3 in acidic 
electrolyte solution. Correspondingly, WO3 NTs have been synthesized and coated with 
(Sn0.95Nb0.05)O2:N-600 of different thicknesses. The effect of the different thicknesses of 
(Sn0.95Nb0.05)O2:N-600 layer in [WO3-(Sn0.95Nb0.05)O2:N-600] NTs on the optoelectronic 
properties and the ensuing photoelectrochemical activity has been correspondingly studied. 
           To the best of our knowledge, such a detailed study probing the photo-electrochemical 
activity of vertically aligned [WO3-(Sn0.95Nb0.05)O2:N-600] NTs as a composite bilayer 
photoanode for PEC water splitting has not been reported. Thus, the present report documents 
the detailed experimental studies demonstrating the promising photo-electrochemical 
performance of the novel bilayer composite system, [WO3-(Sn0.95Nb0.05)O2: N-600] NTs of 
different thicknesses serving as potentially viable photo-anodes for PEC water splitting, which 
 40 
possibly offers a photovoltage of ~1.45eV [VB of doped SnO2- CB of WO3 = 1.5eV-
0.05eV=1.45eV (Table 10)]88. This potential could likely provide the required driving force for 
catalyzing the oxygen evolution reaction (OER).  Moreover, the study outlines the efficacy of the 
composite bilayer system for PEC water splitting without the use of any electrical bias. The 
thesis thus, showcases the effectiveness of this system to efficiently generate hydrogen directly 
from PEC water splitting without the use of any external electrical bias demonstrating the direct 
use of solar energy alone to result in water splitting to generate hydrogen. 
 
 
 
 
Figure 10: Schematic illustration of bilayer structure, [WO3-(Sn0.95Nb0.05)O2:N-600] NTs 
 
 
 
3.1.2 CATHODE ELECTRO-CATALYSTS FOR HER 
             As mentioned earlier, the highest ABPE of 4.1% was obtained using (Sn0.95Nb0.05)O2:N-
600 NTs as the photoanode and Pt as HER electro-catalyst (at cathode). However, Pt being 
expensive and a precious metal, leads to high overall system cost of the PEC water splitting cell. 
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Hence, the second part of this research study involves the study focused at developing non-noble 
metals based electro-catalysts for HER in PEC water splitting. The issue of high capital cost of 
the water electrolysis configuration using expensive noble metal electrocatalysts can be first 
addressed by reducing the noble metal content in the prevalent electro-catalysts by developing 
novel electro-catalysts with reduced noble metal content exhibiting superior electrochemical 
activity with minimum over-potential and stability compared to the state of the art electro-
catalyst (Pt/C) for hydrogen evolution reaction (HER), which constitutes half of the overall water 
splitting reaction 129. Such a system would represent a first step in the ultimate goal of 
developing completely precious group metal (PGM)-free electro-catalysts for hydrogen 
generation. Pioneering studies have been reported to date on non-noble metals based transition 
metal sulfides, transition metal selenides, transition metal nitrides and transition metal 
phosphides electro-catalysts exhibiting promising performance for HER such as MoS2 61, 71, 130, 
CoSe2 131, Co0.6Mo1.4N2 132, MoSe2 133, NiMoNx 134, WS2 135, Ni2P 136, 137, CoP 138-141, MoP 142, 
FeP 143, 144, WP 145, WP2 146, Ni5P4 147, W-Mo-O/rGO, CoS2/rGO148, Fe-Co-P149, MoS2/C150, Fe-
Mo-Rare earth metals151, Ni-CeO2 152, etc. Despite these excellent advances involving 
recommendable HER electro-catalytic activity and long term stability displayed by these non-
noble metals based electro-catalyst materials, there is still a need to achieve practically 
acceptable and moreover, consistently satisfactory HER performance under the stringest and 
energetically demanding field level specifications significantly and reproducibly superior to that 
of Pt/C for practical commercial device applications 153.  
           A widely adapted approach in energy storage systems such as fuel cells to reduce the 
noble metal content is alloying of noble metal (e.g. Pt) with transition metals such as Fe, Sn, Ni, 
Mo94, 101, which offers reduction in loading of Pt, without compromising the electrochemical 
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performance. Platinum based binary alloys have shown good electrochemical performance for 
fuel cell related devices based on electro-oxidation of different fuels, such as Pt-Sn/C and Pt-Sn-
Ir/C ternary alloy for ethanol oxidation, Pt-Co, Pt-Ti/C, Pt-Ni-Cr/C and Pt-CuO/C for methanol 
oxidation, Pt-Ti/C for oxygen reduction reaction (ORR), Pt-Ni/C and Pt-WO3-TiO2/C for 
hydrogen oxidation reaction (HOR) for PEMFC.96, 101, 154-158 As mentioned earlier, superior 
electrochemical performance of Pt based binary metal alloys is mainly due to the modified 
electronic structure of Pt resulting in catalytically active phase than pure Pt.159, 160 Thus, the 
alloying approach would offer reduced noble metal loading without compromising 
electrochemical performance and stability. 
           In addition to Pt, Ir based electro-catalysts (e.g. Ir-Sn) have shown good electrochemical 
performance for ethanol electro-oxidation in direct ethanol fuel cells.161 Co1-x(Irx) (x=0.2, 0.3, 
0.4)159 and (W1-xIrx)Oy (x=0.2, 0.3; y=2.7-2.8) for hydrogen oxidation reaction in proton 
exchange membrane fuel cell (PEMFC) anodes and IrO2/Ti and Ir-M-Ox (M=Ru, Mo, W, V) 
binary/ternary oxide catalysts for ORR and OER including solid solution oxide electrocatalysts 
with and without F doping, Ir1-xMxO2-yFy (M=Sn, Nb,) in PEM water electrolysis60, 162, 163 are 
examples of reduced noble metal containing electro-catalysts based on Ir exhibting superior 
electrochemical activity and stability. Ir has good stability in acidic media. However, there are 
limited studies on Ir based electro-catalysts for HER. Hence, herein, solid solution electro-
catalyst system Co1-x(Irx) (x=0.2, 0.3, 0.4) has been studied for HER in electrolytic water 
splitting with the aim of achieving superior electrochemical activity and stability than that of 
Pt/C. The modification of the electronic structure due to the interaction of cobalt with iridium, as 
indicated by the first principles d-band center studies, can facilitate the reduction in polarization 
losses as reported earlier.159 Furthermore, the catalytic activity of the electro-catalyst can be 
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described by a parameter ∆GH*, which is the free energy of adsorbed H on the electro-catalyst 
surface. As discussed in Section 2.6, ∆GH*is desired to be close to 0 eV, which indicates facile 
adsorption and desorption of hydrogen atoms from the electro-catalyst surface.72-74 
Nanocrystalline solid solution of Co(Ir) is expected to display excellent electrochemical activity 
for HER compared to pure Co and pure Ir, due to ∆GH* of Co1-x(Irx) (x=0.2, 0.3, 0.4) that is 
expected to lie between that of pure Co and Ir resulting in ease of adsorption and desorption of 
H+ from the electro-catalyst surface and thus, reflecting in superior electrochemical activity than 
pure Co and Ir.70 This is mainly due to the possible beneficial interaction of Co and Ir resulting 
in modified electronic structure exhibiting highly active phase for HER.70    
           In the pursuit of identification and development of cheap, highly electrochemically active 
and stable electro-catalysts for HER, as mentioned above, there have been pioneering studies 
reported on non-noble metals based electro-catalysts exhibiting promising performance for HER 
such as MoS261, 71, CoSe2131, Co0.6Mo1.4N2132, MoSe2133, NiMoNx134, WS2135, etc. Earth-abundant 
transition metal phosphides (TMPs) are important materials exhibiting good electrical 
conductivity and are widely utilized as catalysts in hydrodesulfurization (HDS), and 
hydrodenitrogenation reactions as well as anode materials for Li ion battery applications.141, 144, 
164-167 Both HDS and HER rely on reversible binding of hydrogen with the catalyst surface. In 
HDS, the hydrogen dissociates on the catalyst surface and reacts with sulfur forming H2S which 
creates a reactive sulfur vacancy site21, while in HER, the protons bind to the electro-catalyst 
surface promoting HER and generate H2 gas.141 The presence of metal center (δ+) and pendant 
base P (δ-) in the TMPs provide hydride-acceptor and proton-acceptor sites, respectively, which 
are known to facilitate HER.138 The synergistic interaction of transition metal (Ni, Mo, Co) and 
non-metal (P) is expected to modify ∆GH* possibly resulting in optimal adsorption and 
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desorption of adsorbate on electro-catalyst surface.70 Thus, TMPs are also considered as active 
electro-catalysts for HER. On the basis of this rationale, there have been significant research 
efforts directed towards the study of TMPs as electro-catalysts for HER such as Ni2P136, 137, 
CoP138-141, MoP142, FeP143, 144, WP145, WP2146, etc., wherein, these electro-catalysts have shown 
promising electrochemical activity for HER.  Despite these advances, all the above mentioned 
electro-catalyst materials have still not attained the ubiquitous acceptance standard as that of the 
state of the art Pt/C electro-catalyst due to the high overpotential for HER (∼38-320 V vs RHE) 
in comparison to Pt/C (∼10 mV vs RHE). Furthermore, the long term electrochemical stability of 
these materials for continuous long term H2 production is still considered tenuous needing 
further study and improvement.160, 162, 165 
          Based on the above, it is clear that the system necessitates further study and the 
development of TMPs is very much needed with the aim of reducing the overpotential to achieve 
onset potentials of ∼0 V (vs RHE), combined with superior reaction kinetics, excellent 
electrochemical activity and stability similar or superior to that of Pt/C. With the principle aim 
targeted at the design and development of cheap non-noble metals based electro-catalysts 
displaying similar/superior electrochemical activity for HER and stability than that of Pt/C, in 
this thesis we describe copper phosphide (Cu3P) based electro-catalyst system that has been 
studied as a potential electro-catalyst for HER, on the grounds of promising HER performance 
displayed by self-supported Cu3P nanowire arrays.168 However, to modify the system and 
identify suitable substitutional elements to further improve the electrocatalyic response for HER, 
in the present study, theoretical first-principles electronic structure calculations were conducted 
in order to determine the hydrogen binding energy (∆GH*) to the surface of specific electro-
catalysts. The goal of these calculations were primarily to identify and develop suitable Cu3P 
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based electro-catalyst systems exhibiting excellent electrochemical activity for HER similar to 
that of noble metal electro-catalyst system (Pt). Based on the theoretical calculations, cobalt 
doped copper phosphosulfide denoted as (Cu0.83Co0.17)3P: x at. % S (x=10, 20, 30) of different 
compositions were identified and explored as a suitable electro-catalyst system for HER, for the 
very first time to the best of our knowledge. Cobalt is selected as the preferred dopant for Cu3P 
on the grounds of its ability to offer promotional effect in MoS2 as reported earlier.169, 170 Thus, 
the incorporation of cobalt in Cu3P is expected to offer increased number of catalytically active 
sites (due to a decrease in ∆GH*) resulting in improved catalytic activity (lower polarization 
losses) for HER, which is verified by the theoretical first-principles electronic structure 
calculations reported in this study.169-173  
The rationale for selection of sulfur is that the most active sites for TMPs in HDS 
reaction are considered to be the phosphosulfide formed during the reaction.  As a result, sulfur 
is known to play an important role in improving the catalytic activity of metal phosphides for 
HDS.166, 174, 175 Based on these proven observations, it is the hypothesis in this thesis work that 
incorporation of sulfur in Cu3P will help achieve electronic and molecular states similar to that 
seen during HDS operating conditions and thus, translate in achieving excellent electrochemical 
activity for HER. In addition, incorporation of S into the Cu3P lattice will offer improved 
electronic conductivity which will potentially also enable fast charge transfer kinetics. Thus, the 
simultaneous incorporation of Co and S into the Cu3P lattice will offer unique opportunity for 
tailoring the electronic structure, physical, electronic and electro-catalytic properties of Cu3P to 
match the noble metal electro-catalyst systems. As a result, the (Cu0.83Co0.17)3P: x at. % S (x=10, 
20, and 30) has been explored for the first time, to the best of our knowledge as the universal 
electro-catalyst system for HER in electrolytic water splitting in acidic media.   
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Based on the above, it should be further mentioned that Co1-x(Irx) and 
(Cu0.83Co0.17Co)3P:S systems have also been studied as HER electro-catalysts in PEC water 
splitting cell using (Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) as the photoanode. The 
photoelectrochemical characterization as discussed earlier for PEC system has been carried out 
in H-type cell, in which the cathode (where HER occurs) and photoanode (where the water 
oxidation reaction is known to occur) are separated by Nafion 115 membrane (DuPont). As 
discussed in Section 5.2.2, which describes the details of this system, a maximum ABPE of 
∼4.1% is obtained using (Sn0.95Nb0.05)O2:N-600 NTs as the photoanode and Pt/C as the cathode 
at applied potential of ∼0.75 V (vs RHE), which is the highest ABPE obtained thus far compared 
to other semiconductor materials studied as photoanode for PEC water splitting such as TiO2, 
ZnO and Fe2O3.64, 176-178 However, keeping in line with the desirable ultimate goal of completely 
replacing Pt with novel non-noble metals based electro-catalyst exhibiting excellent 
electrochemical activity for HER and stability similar/superior than that of Pt/C, both the Co1-
x(Irx, (x=0.2, 0.3, 0.4) and (Cu0.83Co0.17Co)3P: x at. % S (x=10, 20, and 30) systems have been 
studied as HER electro-catalysts to achieve similar/superior ABPE than that of Pt/C. This 
combined approach will help in progressing towards non-noble metals based electro-catalysis 
which will result in significant reduction in the capital cost of electrolytic and PEC water 
splitting system and thus, likely aid in their commercial development for efficient and economic 
production of hydrogen in an environmentally friendly manner. Realization and successful 
execution will be extremely relevant and will serve as an important milestone in the overall 
effort towards realizing the dream of fueling the hydrogen economy for meeting all of the global 
energy demands which will as outlined in the previous chapters offer massive environmental, 
economic and technological benefits both, in the short as well as long term. 
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           Thus, the present dissertation documents both, the theoretical and experimental studies on 
electrochemical performance of nanostructured Co1-x(Irx) (x=0.2, 0.3, 0.4) solid solution and 
(Cu0.83Co0.17Co)3P: x at. % S (x=10, 20, and 30) electro-catalyst systems as the cathode electro-
catalysts for realizing HER in electrolytic and photoelectrochemical water splitting [using 
(Sn0.95Nb0.05)O2:N-600 NTs as photoanode in the latter].  Accordingly, four specific aims have 
been proposed in the current dissertation outlined as under.   
3.2 SPECIFIC AIMS 
Specific aim 1: To improve the fundamental optoelectronic properties (by modification of 
the electronic structure) of 1-D metal oxide semiconductor nanostructures for photoanode 
applications in PEC water splitting by systematic band gap engineering (achieved by 
incorporation of suitable dopants).  
This was achieved in two phases as described under: 
a) Synthesis of Co and N co-doped ZnO nanowires denoted as (Zn0.95Co0.05)O:N NWs and Nb 
and N co-doped SnO2 nanotubes denoted as (Sn0.95Nb0.05)O2:N NTs on fluorine doped tin 
oxide (FTO) slide (current collector) by liquid phase deposition (LPD) approach followed by 
the heat treatment in NH3 atmosphere at different temperatures (400oC, 500oC, 600oC and 
700oC), as photoanodes for PEC water splitting 
b) Study of the optoelectronic properties of the above mentioned materials using UV-vis 
absorption spectroscopy, Tauc analysis and Mott-Schottky analysis 
The results of this work has already been published.76, 114  
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Specific aim 2: To study the nature of the photoelectrochemical behavior in band gap 
engineered 1-D metal oxide semiconductor nanostructures and to correlate the 
modification of the optoelectronic properties (achieved by doping) to photoelectrochemical 
activity of band gap engineered 1-D metal oxide semiconductor nanostructures.   
This was achieved by performing photoelectrochemical characterization of the above mentioned 
materials using linear scan voltammetry, electrochemical impedance spectroscopy (used to study 
the reaction kinetics of photoelectro-catalysts) and chronoamperometry (CA) under illumination 
The results of this work has already been published.76, 114   
 
Specific aim 3: To alter the fundamental photoelectrochemical behavior of band gap 
engineered 1-D metal oxide semiconductor nanostructures by coating the nanostructures 
with other metal oxide semiconductor material (bilayer structure). 
This was achieved in three stages as detailed under: 
a) Coating WO3 NTs with different thicknesses of (Sn0.95Nb0.05)O2:N-600 
b) Study the effect of different thicknesses of (Sn0.95Nb0.05)O2:N-600 on the optoelectronic and 
photoelectrochemical properties of the composite bilayer heterostructures [WO3-
(Sn0.95Nb0.05)O2:N-600] NTs using UV-vis absorption spectroscopy, Tauc analysis, Mott-
Schottky analysis, linear scan voltammetry, electrochemical impedance spectroscopy (EIS) 
(used to study the reaction kinetics on electro-catalysts) and chronaomperometry. 
c) To study the effect of different thicknesss of (Sn0.95Nb0.05)O2:N-600 on the recombination 
kinetics and carrier lifetime in [WO3-(Sn0.95Nb0.05)O2:N-600] NTs. 
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Specific aim 4: To study the combined effects of interaction of metal-metal and metal-non-
metal on the fundamental electrochemical properties responsible for the hydrogen 
evolution reaction (HER).   
This was achieved in four phases as outlined below: 
a) Synthesis and structural characterization of nanostructured Co1-x(Irx) (x=0.2, 0.3, 0.4) and 
(Cu0.83Co0.17Co)3P:x at.% S (x=10, 20, 30) electro-catalysts. 
b) Study of the fundamental electrochemical properties of electro-catalysts for HER using linear 
scan voltammetry, electrochemical impedance spectroscopy and chronoamperometry.  
c) Study of the electrochemical activity of the cathode electro-catalysts for hydrogen production 
from PEC water splitting in H-type cell using (Sn0.95Nb0.05)O2:N-600 NTs as the photoanode. 
The results of Co(Ir) electro-catalyst system have already been published.179 
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4.0  EXPERIMENTAL DETAILS 
4.1 SEMICONDUCTOR NANOMATERIALS PREPARATION FOR PHOTOANODE 
4.1.1 SYNTHESIS OF (Zn1-xCox)O:N NANOWIRES (NWs) (x=0.05) 
         (Zn0.95Co0.05)O NWs were synthesized by simple liquid phase deposition (LPD) method 
onto a zinc oxide seed layer deposited fluorine-doped tin oxide (FTO) coated glass substrate 
(Figure 11).114, 180, 181 Before growing the nanowires, the FTO coated glass substrate 
(0.5cm×2.5cm, Aldrich) was thoroughly cleaned by ultrasonication in acetone, ethanol and 
deionized water. 5.5 mM zinc acetate solution in ethanol (anhydrous, 99.5+%, Aldrich) was spin-
coated on cleaned FTO substrate (Specialty coating Systems Inc., Model P6712) at 500 rpm for 
40 sec and then heated at 1250C. This heating step formed zinc acetate layer on the substrate. 
The spin coating process was repeated a second time followed by heating at 1250C. The ZnO 
seed layer was formed by heat treatment of FTO slide with zinc acetate layer in air at 3400C for 
20 min.  
         The seed layer coated FTO substrate was then placed with conductive surface down in a 
sealed hydrothermal container containing the growth solution of zinc nitrate hexahydrate (0.05 
M, Alfa Aesar), stoichiometric amount of cobalt acetate tetrahydrate (Aldrich), 
hexamethylenetetramine (HMTA, 0.025 M, Alfa Aesar), polyethylenimine (5 mM, end-capped, 
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molecular weight 800 gmol-1 LS, Aldrich) and ammonium hydroxide (0.35 M). Then, the sealed 
container was placed in water bath, preheated to 900C for 6 h. The resulting nanowires were 
thoroughly rinsed with ethanol and D.I. water, purified by the Milli-Q system (18 MΩ.cm 
deionized water, Milli-Q Academic, Millipore), followed by drying at 500C for 6 h. To compare 
results with undoped ZnO, ZnO NWs were also synthesized by following the same procedure, 
without adding cobalt acetate tetrahydrate in the growth solution. (Zn0.95Co0.05)O NWs, grown on 
FTO substrate following the same procedure as mentioned above, were heat-treated for 1 h at 
400oC, 500oC, 600oC and 700oC in anhydrous NH3 atmosphere (Matheson: 99.99%, flow 
rate=100 cm3/min) with ramp rate of 10oC/min. The (Zn0.95Co0.05)O NWs, heat-treated in NH3 at 
400oC, 500oC, 600oC and 700oC, are denoted as (Zn0.95Co0.05)O:N-400 NWs, (Zn0.95Co0.05)O:N-
500 NWs, (Zn0.95Co0.05)O:N-600 NWs and (Zn0.95Co0.05)O:N-700 NWs, respectively. 
 
 
 
 
Figure 11: Schematic of the process for synthesizing of ZnO nanowires (NWs) using liquid 
phase deposition process 
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4.1.2 SYNTHESIS OF (Sn1-xNbx)O2:N NANOTUBES (NTs) (x=0.05) USING ZnO NWs 
AS SACRIFICIAL TEMPLATE 
           ZnO NWs were synthesized on FTO substrate by LPD method, as described previously in 
Section 4.1.1.114 For the synthesis of (Sn0.95Nb0.05)O2:N NTs, the ZnO NWs were placed in the 
aqueous solution of 3 ml of 0.15 M ammonium hexafluorostannate (Aldrich), stoichiometric 
amount of ammonium niobate oxalate hydrate (Aldrich), 1 ml of 0.5 M boric acid (Aldrich) and 
1 ml of D.I. water for 30 min. The hydrolysis of precursors resulted in deposition of 
(Sn0.95Nb0.05)O2 on ZnO NWs. The acid 113 formed during the hydrolysis process dissolved the 
sacrificial template,  (ZnO), resulting in the formation of hollow (Sn0.95Nb0.05)O2 NTs.76, 104, 182, 
183  After 30 min, the (Sn0.95Nb0.05)O2 NTs NTs were washed with D.I. water and dried at 50oC 
for 6 h. N doping was carried out by heat treatment of (Sn0.95Nb0.05)O2 NTs in anhydrous NH3 
atmosphere (Matheson: 99.99%, flow rate=100cm3/min) at 400oC, 500oC, 600oC and 700oC for 1 
h with ramp rate of 100C/min. The (Sn0.95Nb0.05)O2 NTs, heat-treated in NH3 at 400oC, 500oC, 
600oC and 700oC, are denoted as (Sn0.95Nb0.05)O2:N-400 NTs, (Sn0.95Nb0.05)O2:N-500 NTs, 
(Sn0.95Nb0.05)O2:N-600 NTs and (Sn0.95Nb0.05)O2:N-700 NTs in this study, respectively.  
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4.1.3  SYNTHESIS OF [WO3-(Sn0.95Nb0.05)O2:N-600] BILAYER NANOTUBES (NTs) 
           ZnO nanowires (NWs) were synthesized on fluorine doped tin oxide (FTO) coated glass 
substrate (0.5cm×2.5cm, Aldrich) using LPD method, as described previously in Section 
4.1.1.114 WO3 was deposited on ZnO NWs (Figure 12) using wet impregnation method, carried 
out using ammonium metatungstate (AMT) as tungsten precursor. ZnO NWs prepared using 
hydrothermal method as mentioned above, were dipped in 50 mM AMT solution for ∼1 h. The 
nanowires were then rinsed with D.I. water and dried at 60oC for 2 h, followed by heat treatment 
in air at 500oC for 30 min to decompose AMT in WO3.184 
           The synthesized ZnO/WO3 NWs were placed in an aqueous solution consisting of 3 ml of 
0.15 M ammonium hexafluorostannate (AHFS, Aldrich), stoichiometric amount of ammonium 
niobate oxalate hydrate (ANOH, Aldrich), 1 mL of 0.5 M boric acid (H3BO3, Aldrich) and 1 mL 
of D.I. water at 26oC for 30 min. The hydrolysis of precursors formed the layer of 
(Sn0.95Nb0.05)O2 deposited on ZnO/WO3 NWs and ZnO layer was dissolved due to the acid 113 
formed during the hydrolysis process, resulting in formation of hollow [WO3-(Sn0.95Nb0.05)O2]-
1.76, 104, 182, 183   After 30 min, [WO3-(Sn0.95Nb0.05)O2]-1 NTs were washed with D.I. water and 
dried at 60oC for 2 h. N doping was carried out by the heat treatment of [WO3-(Sn0.95Nb0.05)O2]-1 
NTs for 1 h at 600oC in anhydrous NH3 atmosphere (Matheson: 99.99%, flow rate=100cm3/min) 
with ramp rate of 100C/min.76, 114 This material is denoted as [WO3-(Sn0.95Nb0.05)O2:N-600]-1 
NTs in this study. The schematic of the synthesis process (mentioned above) is shown in Figure 
12. The thickness of the (Sn0.95Nb0.05)O2:N-600 layer in [WO3-(Sn0.95Nb0.05)O2:N-600] NTs was 
increased by increasing the concentration of the precursor solutions and following similar 
synthesis steps as mentioned above. [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs were synthesized 
using 3 ml of 0.3 M AHFS solution, stoichiometric amount of ANOH, 1 mL of 1 M H3BO3 and 1 
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mL of D.I. water. The [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs were accordingly synthesized using 
3 ml of 0.45 M AHFS solution, stoichiometric amount of ANOH, 1 mL of 1.5 M H3BO3 and 1 
mL of D.I. water. 
           In order to effectively study the effect of coupling of (Sn0.95Nb0.05)O2:N-600 with WO3 
and thus, compare the optoelectronic properties and photoelectrochemical activity of the 
resultant bilayer photoanode materials with the parent oxide, namely, (Sn0.95Nb0.05)O2:N-600, 
(Sn0.95Nb0.05)O2:N-600 NTs were synthesized using the synthesis steps as described previously in 
Section 4.1.276, using again ZnO NWs as the sacrificial template. 
 
 
 
 
Figure 12: Schematic of the synthesis process of [WO3-(Sn0.95Nb0.05)O2:N-600] NTs 
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4.2 ELECTRO-CATALYSTS PREPARATION FOR THE CATHODE 
4.2.1 SYNTHESIS OF Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1) NANOPARTICLES (NPs) 
Synthesis of Ir-NPs (x=1) 
           Ir-NPs were synthesized by the reduction of hydrogen hexachloroiridate (IV) hydrate 
(H2IrCl6.xH2O, 99.98%, Aldrich) using sodium borohydride (NaBH4, 12 wt. % in 14 M NaOH, 
Aldrich) as the reducing agent.159 H2IrCl6.xH2O was dissolved in ethanol (≥99.5%, Aldrich) to 
which polyvinylpyrrolidone (PVP, Alfa Aesar) was added as a surfactant under stirring. The 
solution was then adjusted to pH 12 by the addition of NaOH/ethanol solution followed by 
heating to 65 5oC. After 1 h stirring at 65 5oC, excess NaBH4 solution was added drop wise 
under vigorous stirring into the H2IrCl6.xH2O solution to form the Ir-NPs by precipitation. The 
temperature was maintained at 65 5oC for 1 h. To avoid any deleterious side-reaction with air, 
the reduction of H2IrCl6.xH2O was carried out in high purity N2 (Matheson; 99.99%, flow rate = 
100cm3/min) atmosphere. The resultant Ir-NPs were centrifuged and washed repeatedly with 
water purified by the Milli-Q system (18 MΩ cm deionized water, Milli-Q Academic, Millipore) 
and ethanol followed by drying at 50oC for 6 h. To eliminate any unwanted residue (e.g. PVP), 
and ensure the complete reduction of any unreacted H2IrCl6.xH2O as well, the final Ir-NPs were 
heat-treated at 200oC in a tube furnace utilizing a mixture of Ar and 6.5% H2 gas (Matheson; 
99.99%, flow rate = 100cm3/min) for 2 h.159  
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Synthesis of Co-NPs (x=0) 
Co-NPs were synthesized by the chemical reduction of cobalt chloride hexahydrate 
(CoCl2.6H2O, 98%, Aldrich) using sodium borohydride (NaBH4, 12 wt. % in 14 M NaOH, 
Aldrich) as the reducing agent. CoCl2.6H2O was dissolved in ethanol (≥99.5%, Aldrich) along 
with polyvinylpyrrolidone (PVP, Alfa Aesar) and then subsequently reduced using NaBH4 
solution to form Co-NPs in a procedure similar to that used to obtain Ir-NPs as explained above. 
A similar heat-treatment methodology, that was used in the synthesis of Ir-NPs, was employed to 
obtain residue-free Co-NPs.159 
 
 
Synthesis of Co1-x(Irx) (x=0.2, 0.3, 0.4) 
           Solid solution of Co1-x(Irx) was synthesized by the reduction of hydrogen 
hexachloroiridate (IV) hydrate (H2IrCl6.xH2O, 99.98%, Aldrich) using NaBH4 in the presence of 
as-synthesized Co-NPs followed by thermal treatment at 200oC under Ar+6.5% H2 mixture. In 
this procedure, the as-synthesized Co-NPs were dispersed in ethanol (≥99.5%, Aldrich), to which 
the PVP as surfactant was added under stirring. To this solution subsequently, stoichiometric 
amount of H2IrCl6.xH2O was added followed by pH adjustment to 12 using NaOH/ethanol 
solution. The solution was then heated to 65 5oC. After 1 h stirring at 65 5oC, excess NaBH4 
(12 wt. % in 14 M NaOH, Aldrich) solution was added drop wise under the vigorous stirring into 
the Co-NPs dispersed solution to form Ir-NPs on the surface of the Co-NPs, resulting in the 
formation of solid solution of Co1-x(Irx). The temperature was maintained at 65 5oC for 1 h. To 
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avoid the oxidation of Co nanoparticles, high purity N2 (Matheson; 99.99%, flow rate = 100 
cm3/min) was kept flowing during the entire synthesis procedure. The resultant electro-catalyst 
was centrifuged and washed repeatedly with water purified by the Milli-Q system (18 MΩ cm 
deionized water, Milli-Q Academic, Millipore) and then ethanol, followed by drying at 50oC for 
6 h. To ensure complete reaction between Co and Ir and formation of a homogeneous solid 
solution of Co1-x(Irx) as well as remove any unwanted residue from the final product, the final 
Co1-x(Irx) powder was heat-treated at 200oC in a tube furnace using a mixture of Ar and 6.5% H2 
gas (Matheson; 99.99%, flow rate = 100 cm3/min) for 2 h.159 
4.2.2  SYNTHESIS OF (Cu0.83Co0.17)3P:x at.% S (x=10, 20, 30) NANOPARTICLES (NPs) 
           The mixture of stoichiometric amount of copper chloride dihydrate (CuCl2.2H2O, ≥99%, 
Aldrich), cobalt chloride hexahydrate (CoCl2.6H2O, 98%, Aldrich), sodium hypophosphite 
hydrate (NaH2PO2.xH2O, Aldrich) and sodium thiosulfate pentahydrate (Na2S2O3.5H2O, 
≥99.5%, Aldrich) was mechanically ground using a mortar and pestle. The solid mixture was 
then heat-treated in ultra-high purity (UHP)-argon atmosphere (Matheson; 99.99%, flow rate = 
100 cm3/min) at 250oC for 1 h. After heat treatment, the resultant solid mixture was washed 
repeatedly with D.I. water purified by the Milli-Q system (18 MΩ cm deionized water, Milli-Q 
Academic, Millipore) followed by drying at room temperature, forming cobalt-doped copper 
phosphosulfide NPs. Pure Cu3P NPs were synthesized following the same procedure as 
mentioned above, by heat treatment of solid mixture of CuCl2.2H2O and NaH2PO2.xH2O in 
UHP-argon atmosphere (Matheson; 99.99%, flow rate = 100 cm3/min) at 250oC for 1 h, followed 
by washing with D.I. water and drying at room temperature. (Cu0.83Co0.17)3P NPs were 
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accordingly also synthesized by heat treatment of stoichiometric  mixture of CuCl2.2H2O, 
CoCl2.6H2O and NaH2PO2.xH2O in UHP-argon atmosphere (Matheson; 99.99%, flow rate = 
100cm3/min) at 250oC for 1 h and further following similar steps as mentioned above. 
(Cu0.83Co0.17)3P: x at.% S (x=10, 20, 30) nanoparticles (NPs) of different S concentration are 
denoted as (Cu0.83Co0.17)3P:10S NPs, (Cu0.83Co0.17)3P:20S NPs and (Cu0.83Co0.17)3P:30S NPs, 
respectively in this study. 
 
4.3 STRUCTURAL CHARACTERIZATION 
X-ray diffraction 
           Qualitative phase analysis of synthesized nanomaterials was carried out using x-ray 
diffraction (XRD). Philips XPERT PRO system was used for the XRD analysis, employing 
CuKα (λ = 0.15406 nm) radiation at an operating voltage and current of 45 kV and 40 mA, 
respectively. The XRD peak profile of nanomaterials was analyzed using the Pseudo-Voigt 
function to determine the Lorentzian and Gaussian contribution of the peak. The integral breadth 
of the Lorentzian contribution, determined from peak profile analysis using the single line 
approximation method after eliminating the instrumental broadening and lattice strain 
contribution, was used in the Scherrer formula to calculate the particle size of the electro-
catalysts.185 The lattice parameter and molar volume of the synthesized nanomaterials have been 
calculated using the least square refinement techniques.76, 114, 159, 160, 179, 186-188  
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Microstructure analysis 
           The microstructure of nanomaterials was studied using scanning electron microscopy 
(SEM). Energy dispersive x-ray spectroscopy (EDX) analyzer (attached with the SEM machine) 
was used for quantitative elemental analysis and to ensure homogeneous distribution of elements 
(by elemental x-ray mapping) within particles of nanomaterials. The elemental and x-ray 
mapping analysis was carried out using Philips XL-30FEG equipped with an EDX detector 
system with an ultrathin beryllium window and Si(Li) detector operating at 20 kV. The structure 
of nanomaterials was studied using transmission electron microscopy using JEOL JEM-2100F.  
 
X-ray photoelectron spectroscopy 
           The oxidation states of elements in nanomaterials were investigated by conducting x-ray 
photoelectron spectroscopy (XPS) on the electro-catalysts. A Physical Electronics (PHI) model 
32-096 X-ray source control and a 22-040 power supply interfaced to a model 04-548 X-ray 
source with an Omni Focus III spherical capacitance analyzer (SCA) was used for XPS analysis 
of electro-catalysts. The system was operated in the pressure range of 10-8 to 10-9 Torr (1.3 × 10-6 
to 1.3 × 10-7 Pa). Calibration of the system was carried out by following the manufacturer’s 
procedures, wherein the photoemission lines, Eb of Cu 2p3/2 (932.7 eV), Eb of Au 4f7/2 (84 eV) 
and Eb of Ag 3d5/2 (368.3eV) were utilized employing a magnesium anode. The experimentally 
determined peak areas were correspondingly divided by the instrumental sensitivity factors to 
determine the desired intensities and these intensity values were reported in this study. The 
adventitious C 1s peak to 284.8 eV was considered as a reference for the charge correction. 
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Optical characterization 
           To study the optical properties of the semiconductor nanomaterials (for photoanode), UV-
vis absorption spectra were obtained using the spectrophotometer (DU-600, Beckman). All the 
spectra were background subtracted. 500 nm is chosen for comparison of the absorbance of 
semiconductor materials used in this study, as it is close to the wavelength at which maximum 
solar irradiance is obtained.189 The Tauc analysis was carried out on the absorption data for 
determination of the band gap using the following equation76, 114, 190: 
(αhν)2 = B(hν-Eg)  
where, α is the absorption coefficient, hν is the photon energy, B is the constant, Eg is the band 
gap of the material. The band gap is determined from the x-intercept of (αhν)2 vs hν plot. 
4.4 PHOTOELECTROCHEMICAL CHARACTERIZATION OF 
SEMICONDUCTOR NANOMATERIALS FOR PHOTOANODE 
           Photoelectrochemical characterization was conducted in the electrolyte solutions of 0.5 M 
Na2SO4 (pH buffered to 7.0) and 0.5 M H2SO4 (pH∼0) at 26oC (temperature of the cell 
maintained using a Fisher Scientific 910 Isotemp refrigerator circulator) employing an 
electrochemical workstation (VersaSTAT 3, Princeton Applied Research) using a H-type cell (as 
shown in Figure 13) divided into photoanode and cathode compartments separated by Nafion 
115 membrane (Dupont).76, 114 The photoelectrode was fabricated by affixing a copper wire on 
the exposed electrically conducting parts of the semiconductor nanomaterials coated on FTO 
substrates using a silver conductive glue. The substrate was sealed properly on all edges with 
epoxy resin except the active working areas to provide insulation and ensure strong connection.51 
 61 
All the photoelectrochemical measurements were performed using the specific photoelectrode as 
the working electrode (photoanode), Pt wire (Alfa Aesar, 0.25 mm thick, 99.95%) as the counter 
electrode, Ag/AgCl (saturated with 4M KCl) as the reference electrode (∼0.197 V vs NHE) for 
0.5 M Na2SO4 electrolyte solution (pH buffered to 7.0) and Hg/Hg2SO4 reference electrode (XR-
200, Hach, 0.65 V vs NHE) for 0.5 M H2SO4 electrolyte solution (pH∼0) placed next to the 
photoanode. Prior to the photoelectrochemical testing, both compartments of the testing cell were 
purged with ultra-high purity (UHP)-Ar gas for ∼15 min to expel oxygen present in the 
electrolyte solution. The photoelectrode was illuminated (100 mW cm-2) using a 300 W xenon 
lamp (Model 6258, Newport) equipped with an AM1.5G filter (Model 81094, Newport) to 
simulate the solar spectrum and calibrated following the standard manufacturer instructions. To 
study the effect of modified optical properties on the charge collection and conversion efficiency, 
the incident photon to current efficiency (IPCE) was recorded under illumination of a 
monochromatic beam of light from a xenon lamp using different band pass optical filters with 
center wavelengths at 350, 400, 450, 500, 550 and 600 nm (Newport), respectively. 
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Figure 13: Schematic of H-type PEC water splitting cell for photoelectrochemical 
characterization 
 
 
 
Linear sweep voltammetry 
           The photoelectrochemical activity of the different photoanode materials has been 
determined by conducting linear sweep voltammetry (LSV) by scanning the potential using the 
scan rate of 1 mV sec-1 under illumination of 100 mW cm-2. All the reported values of potential 
in this study are converted to reversible hydrogen electrode (RHE) using the Nernst equation76, 
114:  
ERHE = Eref+ Eoref + 0.059pH 
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ERHE is the potential versus RHE. Eref is the potential measured against the reference electrode. 
Eoref is the standard electrode potential of reference electrode. The photocurrent density in iRΩ 
corrected linear sweep voltammograms (LSVs) obtained under illumination, after subtraction of 
the current density in the dark was used to compare the photoelectrochemical activity of the 
different NW materials (RΩ, the ohmic resistance was determined from the electrochemical 
impedance spectroscopy analysis described in detail below).  
 
Electrochemical impedance spectroscopy (EIS) 
EIS has been carried out to determine the ohmic resistance (RΩ), which includes 
resistance of the various components such as electrolyte solution (Rs) and electrode (Re).76, 114, 159, 
160  EIS has been carried out in the frequency range of 100 mHz-100 kHz using the 
electrochemical work station (VersaSTAT 3, Princeton Applied Research) under illumination 
(100 mW cm-2) at an amplitude of 10 mV. The experimentally obtained EIS plot was fitted using 
the ZView software from Scribner Associates with a circuit model Rs(ReQ1)(RctQdl), where Rs is 
the solution resistance, Re is the electrode resistance, Q1 is constant phase element (CPE) and Qdl 
represents contribution by double layer capacitance.76, 114, 159, 160  RΩ was used for ohmic loss 
correction (iRΩ=iRs + iRe) in the LSV curves of the semiconductor materials and the charge 
transfer resistance (Rct) has been used to study the polarization resistance of the synthesized 
photoelectro-catalysts. The Mott-Schottky plots of photoanode materials were obtained by 
performing the EIS measurements at a frequency of 7.5 kHz with an AC amplitude of 10 mV 
between the voltage window of -0.8 V to 1.2 V (vs NHE).76, 114, 191 In addition, hall effect 
measurement was performed with magnetic field strength of 1.02 T at room temperature (by Van 
der Pauw method) using the Ecopia 3000 system.  
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IPCE  
           To study the effect of light absorption properties on the photoelectrochemical properties, 
incident photon to current efficiency (IPCE) was determined for semiconductor materials in 
electrolyte soltion at 260C using different bandpass optical filters with wavelength centered at 
350, 400, 450, 500, 550 and 600 nm, similar to earlier reports 192-195.  The IPCE is calculated by 
the equation195: 
IPCE (%) =  
where, J is the measured photocurrent density (mA cm-2), P is the incident light intensity (mW 
cm-2) at a specific wavelength (λ, nm). 
 
Photoelectrochemical stability  test 
           To study the photoelectrochemical stability of the photoanode materials, 
chronoamperometry (CA) (photocurrent density vs time) was performed for 24 h in the 
electrolyte solution at 26oC, wherein, the photoelectrode was maintained at a constant potential 
and the loss in photocurrent density was studied. The concentration of the evolved gases 
(collected in separate chambers of H-type cell consisting of two chambers) was measured during 
the CA test by using a gas chromatography (GC) system employing Helium as the carrier gas 
(Agilent 7820A). The amount of elements leached out into the solution from the photoelectrode 
correlates to the photoelectrochemical stability of the photoelectro-catalyst.76, 114, 159, 160 
Therefore, accordingly inductively coupled plasma optical emission spectroscopy (ICP-OES, 
iCAP 6500 duo Thermo Fisher) has been carried out on the electrolyte, collected after 24 h of 
execution of the CA test, to determine the amount of elements leached out in the electrolyte 
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solution from the photoanode which relates to photoelectrochemical stability of photoanode 
materials.76, 114, 159, 160 
4.5 ELECTROCHEMICAL CHARACTERIZATION OF HER ELECTRO-
CATALYSTS FOR CATHODE 
           Electrochemical characterization of electro-catalysts for HER (in electrolytic water 
splitting) was performed at 260C (maintained using a Fisher Scientific 910 Isotemp refrigerator 
circulator) on a VersaSTAT 3 (Princeton Applied Research) electrochemical workstation using a 
three electrode cell (Figure 14) in the electrolyte solution of 0.5 M sulfuric acid (H2SO4) 
(pH∼0). Prior to electrochemical testing, the electrolyte solution was purged with UHP-argon gas 
for expelling oxygen from the electrolyte solution. The electro-catalyst ink was prepared using 
85 wt.% electro-catalyst and 15 wt.% Nafion 117 (5 wt.% solution in lower aliphatic alcohols, 
Aldrich). The working electrodes were prepared by spreading the electro-catalyst ink on porous 
Ti foil (Alfa Aesar). The total loading of pure Cu3P NPs, (Cu0.83Co0.17)3P NPs, and 
(Cu0.83Co0.17)3P:xS NPs (x=10, 20, 30) was 0.7 mg on 1 cm2 area and total loading of 0.4 mg/cm2 
was used for Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1). A Pt wire (Alfa Aesar, 0.25 mm thick, 99.95%) 
was used as the counter electrode and mercury/mercurous sulfate (Hg/Hg2SO4) electrode (XR-
200, Hach) (0.65 V vs NHE) was used as the reference electrode. The electrochemical 
performance of synthesized non-noble metals based electro-catalysts is compared with state of 
the art commercial Pt/C electro-catalyst in this study. Hence, the electrochemical performance of 
commercial 40% Pt/C electro-catalyst (Alfa Aesar) was studied using loading of 0.4 mg of Pt on 
1 cm2 area under identical operating conditions.  
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Figure 14: Schematic of three electrode cell for electrochemical characterization of 
electro-catalysts for HER (in electrolytic water splitting) 
 
 
 
Linear scan voltammetry 
           The electrochemical activity of electro-catalysts for HER was studied by conducting 
linear scan voltammetry in 0.5 M H2SO4 electrolyte solution at 260C using scan rate of 1 mV/sec. 
Linear scan voltammogram (LSV) curves of different electro-catalysts were iRΩ corrected (RΩ, 
the ohmic resistance was determined from electrochemical impedance spectroscopy analysis 
discussed below). The overpotential required for electro-catalysts to reach 10 mA/cm2, 20 
mA/cm2 and 100 mA/cm2, as well as, the current density at finite potential near 0V (standard 
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potential of HER) used to overcome overpotential losses ,.i.e., [(-0.05V vs RHE, the standard 
representative potential selected following literature reports for measuring electrochemical 
activity for HER138, 144, 179, 196-202] in iRΩ corrected LSV curves were used for comparison of 
electrochemical activity of different electro-catalysts for HER in this study. The Tafel plot after 
iRΩ correction given by the equation η = a + b log i (plot of overpotential η vs. log current, log i) 
was used to determine Tafel slope (b) which was further used to study the reaction kinetics of 
electro-catalysts for HER. 
 
Electrochemical impedance spectroscopy 
           The ohmic resistance (RΩ) (which includes resistance from components like electrolyte, 
electrode) and the charge transfer resistance (Rct) of the electro-catalyst were determined from 
electrochemical impedance spectroscopy (EIS). The frequency range of 100 mHz-100 kHz at (-
0.1 V vs RHE) was used for EIS, which was carried out using the electrochemical work station 
(VersaSTAT 3, Princeton Applied Research) in 0.5 M H2SO4 electrolyte solution (pH∼0) at 
260C. The experimentally obtained EIS plots of electro-catalysts were fitted using the ZView 
software from Scribner Associates with a circuit model RΩ(RctQ1) to determine76, 114, 159, 160: 
RΩ = Resistance by components like electrolyte, electrode 
Rct = Charge transfer resistance (,.i.e., polarization resistance) 
Q1 = Constant phase element (represents the capacitance behavior of the electro-catalyst surface) 
The ohmic resistance (RΩ) obtained from EIS was used for iRΩ correction in linear scan 
voltammogram (LSV) curves of electro-catalysts.  
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Electrochemical stability test 
           The long term electrochemical stability of electro-catalysts for HER was studied by 
conducting chronoamperometry (CA) test (current vs time) for 24 h in 0.5 M H2SO4 electrolyte 
solution at 260C, wherein the electrode was maintained at constant voltage of [-0.05 V vs RHE, 
which is close to standard potential for HER (0V vs RHE)] and the loss in current density (,.i.e., 
electrochemical activity) for period of 24 h was studied. For comparison, CA test was also 
performed for commercial Pt/C. The electrolyte (H2SO4) solution, collected after 24 h of CA 
testing of electro-catalyst material, was analyzed using inductively coupled plasma optical 
emission spectroscopy (ICP-OES, iCAP 6500 duo Thermo Fisher) to determine the composition 
of elements leached out in the solution from the electrode. This is important as the composition 
of elements in the solution gives information about the electrochemical stability of electro-
catalyst. 122, 137, 143, 144, 184, 192   
 
Testing as cathode electro-catalyst for HER in photoelectrochemical  water splitting system 
          Photoelectrochemical characterization has been performed in 0.5 M H2SO4 electrolyte 
solution in H-type cell (Figure 13) in an electrochemical workstation (VersaSTAT 3, Princeton 
Applied Research) at 26oC (maintained using a Fisher Scientific 910 Isotemp refrigerator 
circulator). In H-type cell76, 114, semiconductor material (photoanode) and cathode electro-
catalyst were placed in two different compartments, separated by Nafion 115 (Dupont) 
membrane. The (Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) was used as the photoanode. 
(Cu0.83Co0.17)3P:S NPs (total loading=0.7 mg/cm2) and Co1-x(Irx) NPs (total loading=0.4 mg/cm2) 
were used as the cathode electro-catalyst for HER. The detailed procedure for fabrication of 
photoanode has been described previously in Section 4.4. (Sn0.95Nb0.05)O2:N-600 NTs was used 
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as working electrode/photoanode. Hg/Hg2SO4 electrode (XR-200, Hach) (potential of +0.65V vs 
NHE) was used as the reference electrode. Prior to photoelectrochemical testing, both 
compartments (photoanode and cathode) were purged with UHP-argon gas for ∼15 min to expel 
oxygen present in the electrolyte solution. The photoanode was then illuminated with an intensity 
of 100 mW/cm2 using a 300 W Xe lamp (Model 6258, Newport) equipped with an AM1.5G 
filter (Model 81094, Newport) to simulate the solar spectrum. The cathode electro-catalyst was 
coated on porous Ti foil (Alfa Aesar) following the same procedure as described previously. For 
comparison, Pt/C (Pt loading=0.4 mgPt/cm2) was also studied as cathode electro-catalyst for HER 
in PEC water splitting using (Sn0.95Nb0.05)O2:N-600 NTs as photoanode under identical operating 
conditions. 
           Maximum ABPE of ∼4.1% was obtained using Pt/C as cathode electro-catalyst and 
(Sn0.95Nb0.05)O2:N-600 NTs as photoanode at applied bias of ∼0.75 V (vs RHE) (discussed later 
in results of photoelectrochemical characterization in Section 5.2.2). Hence, chronoamperometry 
test was conducted using (Cu0.83Co0.17)3P:S NPs and Co1-x(Irx) NPs as the cathode electro-
catalyst and (Sn0.95Nb0.05)O2:N-600 NTs as working electrode (photoanode) at constant potential 
of ∼0.75 V (vs RHE) for 24 h under illumination (100 mW/cm2). The amount of H2 gas (evolved 
at cathode) was measured after each 1 h interval using a gas chromatograph with Helium as the 
carrier gas (Agilent 7820A). The amount of evolved H2 gas was used for the determination of 
ABPE. ABPE was determined using the equation75-79: 
 
where, nH2 = H2 evolution rate (mol/sec) 
∆Go =Gibbs free energy for generating one mole of H2 from water (237130 J/mol) 
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P = Total incident power (W/cm2) 
A = Area irradiated by incident light (cm2) 
I = Photocurrent (A) 
V = Bias voltage applied (0.75 V vs RHE) to (Sn0.95Nb0.05)O2:N-600 NTs (photoanode) 
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5.0  RESULTS AND DISCUSSION 
5.1 Co AND N CO-DOPED ZnO NANOWIRES (NWs) (PHOTOANODE) 
5.1.1 STRUCTURAL ANALYSIS OF ZnO AND (Zn0.95Co0.05)O:N NWs 
X-ray diffraction (XRD) study            
           The XRD patterns of (Zn0.95Co0.05)O:N-400 NWs, (Zn0.95Co0.05)O:N-500 NWs and 
(Zn0.95Co0.05)O:N-600 NWs (Figure 15), show peaks corresponding to ZnO with the wurtzite 
structure (JCPDS: 01-076-0704) and crystal orientation along (002) plane indicating the c-axis 
oriented nanowires. The XRD patterns of (Zn0.95Co0.05)O:N-400 NWs, (Zn0.95Co0.05)O:N-500 
NWs and (Zn0.95Co0.05)O:N-600 NWs do not show any peaks corresponding to cobalt, cobalt 
oxide or other Co-containing phases suggesting the formation of single phase Co and N doped 
ZnO NWs. However, peaks corresponding to pure zinc are seen for (Zn0.95Co0.05)O:N-700 NWs, 
with absence of cobalt, cobalt oxide or other Co-containing phases, suggesting the formation of 
Co-doped zinc. This can be due to reduction of (Zn0.95Co0.05)O NWs due to atomic hydrogen, 
arising from the decomposition of NH3 gas.106 The values of molar volume and lattice 
parameters of (Zn0.95Co0.05)O:N NWs of different N concentration, calculated using the least 
square refinement technique are shown in Table 1. An increase in lattice parameter and molar 
volume is observed with increase in nitrogen concentration incorporated in the lattice of 
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(Zn0.95Co0.05)O NWs, which indicates lattice expansion upon nitrogen doping, as observed 
earlier.203 
 
 
 
 
Figure 15: The XRD patterns of ZnO and (Zn0.95Co0.05)O:N NWs of different N 
concentration in wide angle 2θ scan 
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Table 1: The lattice parameter and molar volume for ZnO and (Zn0.95Co0.05)O:N NWs, 
along with N concentration for (Zn0.95Co0.05)O:N NWs by EDX 
Composition Lattice 
parameter 
(nm) 
Molar 
volume 
(cm3/mol) 
N concentration by 
EDX 
(at. %) 
ZnO a=0.3253 
c=0.5213 
14.38 - 
(Zn0.95Co0.05)O:N-400 a=0.3271 
c=0.5222 
14.57 2.5 
(Zn0.95Co0.05)O:N-500 a=0.3287 
c=0.5232 
14.74 6.4 
(Zn0.95Co0.05)O:N-600 a=0.3309 
c=0.5233 
14.94 13.2 
 
 
 
SEM/EDX study of (Zn0.95Co0.05)O:N NWs  
           Scanning electron microscopy (SEM) has been carried out to study the morphology of the 
representative composition, (Zn0.95Co0.05)O:N-600 NWs. SEM images, showing top view and 
cross-sectional view, of (Zn0.95Co0.05)O:N-600 NWs are shown in Figure 16. Cross-sectional 
view of (Zn0.95Co0.05)O:N-600 NWs shows dense and vertically oriented nanowires of diameter 
of ∼180-240 nm and length of ∼14 µm. Also, the SEM image of (Zn0.95Co0.05)O:N-600 NWs 
reveals well- spaced/separated nanowires with a clean top surface free of particles at the top and 
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bottom of nanowires. Energy dispersive x-ray spectroscopy (EDX) is conducted to confirm the 
presence of elements Zn, Co and N and also, determine concentration of N in (Zn0.95Co0.05)O:N 
NWs, heat-treated in NH3 at different temperatures. EDX spectrum of (Zn0.95Co0.05)O:N-600 
NWs, shown in Figure 16, confirms the presence of elements Zn, Co and N in (Zn0.95Co0.05)O:N-
600 NWs. Quantitative elemental composition analysis by EDX is carried out to determine the 
concentration of nitrogen for (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and 
(Zn0.95Co0.05)O:N-600  NWs, shown in Table 1. The Table clearly shows increase in N 
concentration with increase in temperature of heat treatment in NH3.204, 205 
 
 
 
 
Figure 16: SEM micrograph showing top view, cross-sectional view and EDX spectrum of 
(Zn0.95Co0.05)O:N-600 NWs 
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TEM/HRTEM study of (Zn0.95Co0.05)O:N NWs (x=0.05) 
          TEM image of representative composition, (Zn0.95Co0.05)O:N-600 NWs, shown in Figure 
17, reveals the wire-like geometry with diameter of ∼220 nm. In Figure 18, HRTEM image of 
(Zn0.95Co0.05)O:N-600 NWs shows lattice fringe with spacing of ∼0.264 nm, corresponding to 
(002) plane of ZnO crystal. [slightly larger than the value of d111 for ZnO (JCPDS: 01-076-0704, 
d002~0.26 nm) possibly as a result of lattice expansion due to incorporation of N in the lattice of 
(Zn0.95Co0.05)O NWs. 
 
 
 
 
Figure 17: The bright field TEM image of (Zn0.95Co0.05)O:N-600 NWs showing the presence 
of nanowire with the diameter of ∼220 nm 
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Figure 18: The HRTEM image of (Zn0.95Co0.05)O:N-600 NWs showing lattice fringes with a 
spacing of ~0.264 nm corresponding to (002) crystal plane 
 
 
 
X-ray photoelectron spectroscopy study of ZnO and (Zn0.95Co0.05)O:N NWs  
            To determine the oxidation state of Zn, Co and N, X-ray photoelectron spectroscopy 
(XPS) was carried out on (Zn0.95Co0.05)O:N NWs of different N concentrations and pure ZnO 
NWs. The XPS spectrum of Zn (Figure 19) of pure ZnO shows the presence of Zn 2p3/2 peak 
centered at ∼1021.6 eV, which shows presence of Zn2+. An increasing negative shift in binding 
energy is observed with increase in N concentration for Zn 2p3/2 peak of (Zn0.95Co0.05)O:N NWs, 
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which is consistent with previously reported results for N-doped TiO2 nanoparticles.206 In 
accordance with the previously reported results on N-doped TiO2 nanoparticles206, the negative 
shift in Zn 2p3/2 peak for (Zn0.95Co0.05)O:N NWs can be due to change in electron density around 
Zn2+ due to Co and N co-doping, resulting in modification in the electronic structure of ZnO 
NWs. The XPS spectrum of N, shown in Figure 20, shows the presence of N 1s peak centered at 
∼398.3 eV for (Zn0.95Co0.05)O:N NWs of different N concentration. The N 1s peak at ∼398.3 eV 
for (Zn0.95Co0.05)O:N NWs indicates the presence of oxynitride (O-Zn-N or O-Co-N) for 
(Zn0.95Co0.05)O:N NWs.106, 207 This shows that heat treatment of (Zn0.95Co0.05)O NWs in NH3 
atmosphere favors the substitutional doping of N at O sites in the lattice of (Zn0.95Co0.05)O 
NWs.106, 207 The XPS spectrum of Co of (Zn0.95Co0.05)O:N NWs, shown in Figure 21, shows the 
presence of Co 2p1/2 and Co 2p3/2 peaks centered at ∼796.3 and ∼780.7 eV and satellite peak at 
∼788.3 eV, corresponding to Co2+, with shift in Co 2p1/2 and Co 2p3/2 peaks to lower binding 
energy values, compared to bulk CoO by ∼0.2 eV.208-210 The shift of Co 2p1/2 and Co 2p3/2 peaks 
to lower binding energy values increases with increase in N concentration similar to the case of 
Zn, which suggests the presence of oxynitride (O-Co-N) due to substituional doping of N at O 
sites.211 Co-3d are expected to introduce near -0.2eV in the band gap of (Zn0.95Co0.05)O NWs 
[Band gap of (Zn0.95Co0.05)O -band gap of ZnO as shown in Figure 22, Figure 23 and Table 2]. 
This suggests the possible compensational and synergistic effect of cobalt substitution combined 
with the presence of oxygen vacancies created in the material due to the incorporation of 
nitrogen in the crystal lattice of ZnO resulting in the introduction of electronic states near the CB 
of ZnO NWs.211 Fundamental materials characterization is however, further required to gather 
more in sights into the electronic structure of the material which will be part of future studies. 
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Figure 19: The XPS spectra of (Zn0.95Co0.05)O:N NWs of different N concentration showing 
Zn 2p3/2 peak 
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Figure 20: The XPS spectra of (Zn0.95Co0.05)O:N NWs of different N concentration showing 
N 1s peak 
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Figure 21: The XPS spectra of (Zn0.95Co0.05)O:N NWs of different N concentration showing 
Co 2p1/2 and 2p3/2 doublet 
 
 
 
UV-Vis absorption spectroscopy and Tauc analysis of ZnO and (Zn0.95Co0.05)O:N NWs  
          The optical properties of ZnO and (Zn0.95Co0.05)O:N NWs are studied using UV-Vis 
absorption spectroscopy. UV-Vis absorption spectra of (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-
500 and (Zn0.95Co0.05)O:N-600 NWs are shown in Figure 22, along with ZnO NWs for 
comparison. The onset of light absorption for pure ZnO NWs is seen at ∼450 nm, which is 
similar to that reported earlier.82, 116, 212  (Zn0.95Co0.05)O:N NWs show excellent light absorption 
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behavior in the visible region of interest, in comparison to pure ZnO NWs. The absorption peaks 
for (Zn0.95Co0.05)O:N NWs for different N concentration are red-shifted to higher wavelengths 
compared to ZnO NWs and the red-shift increases with increase in N concentration. 
(Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs show ∼117%, 
∼483% and ∼598% improved light absorption at 500 nm in comparison to pure ZnO NWs, 
respectively. 500 nm is chosen for comparison of the absorbance of the semiconductor materials 
in this study, as it is close to the wavelength at which maximum solar irradiance is obtained.189 
The corresponding Tauc analysis, shown in Figure 23, was carried out for estimation of the band 
gap of (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs. The values 
of band gap are determined from the x-intercept of (αhv)2 vs hv curves. As shown in Figure 23 
and Table 2, reduction in band gap with increase in N concentration is seen for (Zn0.95Co0.05)O:N 
NWs, with the lowest band gap obtained for (Zn0.95Co0.05)O:N-600 NWs (∼2.16 eV). It is 
noteworthy that Co and N co-doping helped in significantly reducing the band gap of ZnO from 
∼3.18 eV to ∼2.16 eV for (Zn0.95Co0.05)O:N-600 NWs (Table 2). The reduction in the band gap 
of ZnO NWs is important since this facilitates maximum light absorption. This in turn, results in 
high number of photogenerated electrons available for the reaction, which helps in achieving a 
marked improvement in the photoelectrochemical performance. 
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Figure 22: UV-Vis absorption spectra of ZnO, (Zn0.95Co0.05)O and (Zn0.95Co0.05)O:N NWs of 
different N concentration 
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Figure 23: Tauc analysis of ZnO and (Zn0.95Co0.05)O:N NWs of different N concentration 
 
 
 
Mott-Schottky analysis of ZnO and (Zn0.95Co0.05)O:N NWs  
          The electronic properties of ZnO and (Zn0.95Co0.05)O:N NWs were studied by Mott-
Schottky analysis, carried out using EIS performed in the dark, shown in Figure 24 and Figure 
25. Carrier density in ZnO and (Zn1-xCox)O:N NWs as well as flat band potential at the 
nanowires/electrolyte interface are determined using the Mott-Schottky equation106: 
1/C2 = (2/eoεεoNd)[(V-VFB)-kT/e0]  
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where, eo is the electron charge, ε is the dielectric constant of ZnO (taken as 10)106, 213, εo is the 
permittivity of vacuum, Nd is the carrier density, V is the applied electric potential, VFB is the flat 
band potential,  k is the Boltzmann constant, T is the absolute temperature. 
           For undoped ZnO NWs, VFB determined from the x-intercept in Mott-Schottky plots (1/C2 
vs V), is ∼(-0.5 V vs NHE), which is closer to the value reported earlier.106 The flat band 
potential (VFB) of (Zn0.95Co0.05)O:N-400 NWs, (Zn0.95Co0.05)O:N-500 NWs and 
(Zn0.95Co0.05)O:N-600 NWs are ∼(-0.58 V vs NHE), ∼(-0.59 V vs NHE) and ∼(-0.66 V vs NHE), 
respectively. The VFB required for a water splitting reaction to proceed should be more cathodic 
than the standard reduction potential of hydrogen (Eh), which depends on the value of pH and 
can be calculated by the equation: 
Eh = Eo - 0.059(pH) = 0 - 0.059(pH) 
where, Eo is the standard reduction potential of the water reduction reaction (0V vs NHE). In this 
study, the electrochemical impedance measurements were conducted at pH=7, which 
corresponds to Eh= -0.413 V (vs NHE). Thus, the values of VFB of ZnO and (Zn0.95Co0.05)O:N 
NWs of different N concentration are more negative (cathodic) than the calculated VFB of -0.413 
V (vs NHE). This suggests that band edges of ZnO and (Zn0.95Co0.05)O:N NWs are more negative 
than the reduction potential of water (0V vs NHE).  
           Additionally, n-type behavior is seen for ZnO and (Zn0.95Co0.05)O:N NWs, as evidenced 
by the positive slope obtained in Mott-Schottky plot. The carrier density is calculated from 
slopes determined from Mott-Schottky plot using the equation76, 106, 114: 
Nd = (2/eoεεo)[d(1/C2)/dV]-1 
The carrier density of (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 
NWs is 3.1×1022 cm-3, 3.98×1022 cm-3 and 4.66×1022 cm-3 at frequency of 7.5 kHz, which is 4-
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orders of magnitude higher than the carrier density determined for pure ZnO NWs (2.35×1018 
cm-3 which is almost similar to the earlier reports in the literature106) (Table 2). The carrier 
density of 4.66×1022 cm-3 of (Zn0.95Co0.05)O:N-600 NWs is the highest carrier density obtained 
for ZnO based nanostructured photoanodes reported so far, which clearly suggests the profound 
influence of Co and N co-doping leading to significant improvement in the carrier density of 
ZnO NWs.65, 106, 207 This increment in carrier density is thus important as it offers more 
photogenerated electrons available for the photoelectrochemical water splitting reaction. In 
addition, the increased carrier density is expected to shift the Fermi level upwards towards the 
conduction band, which will distinctly help in achieving improved charge separation at the 
interface between the (Zn0.95Co0.05)O:N NWs and the electrolyte solution, due to an increased 
degree of band bending.64, 214 The improved band bending for (Zn0.95Co0.05)O:N NWs is expected 
to offer large driving force for the photogenerated electrons resulting in improved photocurrent 
density and thus, expectedly an improved photoelectrochemical performance, compared to pure 
ZnO NWs. 
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Figure 24: Mott-Schottky plot of ZnO NWs obtained by performing EIS measurements in 
dark at a frequency of 7.5 kHz with an AC amplitude of 10 mV between voltage window of 
-0.8 V to 1.2 V (vs NHE) in 0.5 M Na2SO4 (pH 7) electrolyte solution at 26oC 
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Figure 25: Mott-Schottky plot of (Zn0.95Co0.05)O:N NWs of different N concentration 
obtained by performing EIS measurements in dark at a frequency of 7.5 kHz with an AC 
amplitude of 10 mV between voltage window of -0.8 V to 1.2 V (vs NHE) in 0.5 M Na2SO4 
(pH 7) electrolyte solution at 26oC 
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5.1.2 PHOTOELECTROCHEMICAL CHARACTERIZATION OF ZnO AND 
(Zn0.95Co0.05)O:N NWs 
IPCE of ZnO and (Zn0.95Co0.05)O:N NWs 
          The incident photon to current efficiency (IPCE) was studied using different band pass 
optical filters to correlate the optical properties with photoelectrochemical properties for the 
synthesized co-doped (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 
NWs. The IPCE values for (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-
600 NWs are obtained by measuring the photocurrent density upon light illumination using 
different band pass optical filters with wavelengths centered at 350, 400, 450, 500, 550 and 600 
nm, shown in Figure 26. The corresponding IPCE is calculated by the equation76, 114, 195: 
IPCE (%) =  
where, J is the measured photocurrent density (mA cm-2), P is the incident light intensity             
(mW cm-2) at a specific wavelength (λ, nm). An increase in IPCE is observed with increase in N 
concentration for (Zn0.95Co0.05)O:N NWs, which can be attributed to decrease in band gap and 
significant increase in carrier density which offers enhanced charge separation and improved 
charge transport (which is confirmed by EIS analysis discussed later) in (Zn0.95Co0.05)O:N NWs 
due to superior band bending as discussed earlier. The corresponding IPCE at the wavelength of 
500 nm for (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs are 
1.9%, 3.5% and 15%, respectively. It is noteworthy that the IPCE of (Zn0.95Co0.05)O:N NWs is 
significantly higher than that of pure ZnO NWs (∼0% at 500 nm), suggesting the beneficial role 
of Co and N co-doping in not only lowering the band gap and offering improved light 
absorption, but also improved charge collection and conversion efficiency in the visible region of 
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interest.106 The IPCE for undoped ZnO nanowires (NWs) is 2.5% at 350 nm (which is in UV 
region) (Figure 26) which is similar to that obtained earlier.215, 216 The poor IPCE of ZnO NWs 
under UV light is mainly due to (I) low carrier density (Table 2), 182 high charge transfer 
resistance (Rct, discussed later) leading to poor carrier mobility and superior recombination of 
photogenerated carriers (Figure 30 and Table 4). The highest IPCE obtained in this study 
obtained for (Zn0.95Co0.05)O:N-600 NWs (15% at 500 nm) is the highest IPCE reported so far for 
ZnO based photoanodes, to the best our knowledge.65, 82, 83, 106, 110, 207, 217 This shows that Co and 
N co-doping is indeed a promising strategy for improving photoelectrochemical response of 
ZnO. 
 
 
 
 
Figure 26: IPCE spectra of ZnO and (Zn0.95Co0.05)O:N NWs of different N concentration 
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Photoelectrochemical activity of ZnO and (Zn0.95Co0.05)O:N NWs  
          The photoelectrochemical activity of (Zn0.95Co0.05)O:N NWs is studied using 0.5 M 
Na2SO4 aqueous solution (with pH buffered to ~7.0) as the electrolyte. Figure 27 shows LSV 
curves for (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs, in the 
dark and with illumination of 100 mW cm-2, obtained with a scan rate of 1 mV sec-1. Dark scan 
LSV curves showed a small current density in the range of ∼10-3 mA cm-2 for (Zn0.95Co0.05)O:N 
NWs. Under illumination, pronounced photocurrent density is seen for (Zn0.95Co0.05)O:N NWs, 
which increases with increase in potential. The onset of photocurrent density under illumination 
starts at (0.28 V vs RHE) for ZnO NWs and at (-0.005V vs RHE), (-0.015V vs RHE), (-0.03V vs 
RHE) for (Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs, 
respectively (Table 2). Thus, the lower onset potential of (Zn0.95Co0.05)O:N NWs than that of 
ZnO suggests lower recombination of photogenerated carriers than ZnO, thereby, resulting in 
improved photoelectrochemical activity of ZnO upon Co and N co-doping.76, 81, 114, 218 The onset 
potential of  (-0.03 V vs RHE) obtained for (Zn0.95Co0.05)O:N-400 NWs, (Zn0.95Co0.05)O:N-500 
NWs and (Zn0.95Co0.05)O:N-600 NWs in this study is the lowest onset potential obtained for ZnO 
based photoanode materials studied so far as shown in Table 3 suggesting excellent 
photoelectrochemical activity of (Zn0.95Co0.05)O:N NWs than other ZnO based materials studied 
so far.  
           The photocurrent density at 0.79V (vs RHE) in iRΩ corrected LSV plots for 
(Zn0.95Co0.05)O:N-400, (Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs is 3.56 mA cm-2, 
6.56 mA cm-2 and 8.78 mA cm-2, respectively (Table 2). This shows that the 
photoelectrochemical activity increases with increase in N concentration for (Zn0.95Co0.05)O:N 
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NWs. The maximum photocurrent density obtained for (Zn0.95Co0.05)O:N-600 NWs (8.78 mA 
cm-2) is ∼147% and ∼34% higher than that of (Zn0.95Co0.05)O:N-400 (3.56 mA cm-2) and 
(Zn0.95Co0.05)O:N-500 NWs (6.56 mA cm-2), respectively. It is also noteworthy that the 
photocurrent density of (Zn0.95Co0.05)O:N-600 NWs (8.78 mA cm-2) is ∼68 and ∼275 times 
higher than that of (Zn0.95Co0.05)O NWs (0.13 mA cm-2) and ZnO NWs (0.032 mA cm-2). The 
excellent photoelectrochemical activity of (Zn0.95Co0.05)O:N NWs can be attributed to 
significantly reduced band gap (Figure 23 and Table 2) resulting in superior light absorption 
(Figure 22), high carrier density (Figure 25 and Table 2), improved charge separation and 
collection (Figure 26) and improved electron transfer (shown by EIS analysis under illumination 
discussed later) at the interface between the (Zn0.95Co0.05)O:N NWs and electrolyte solution.  
           The variation of ABPE, calculated using Equation 1, with the applied potential is shown 
in Figure 28 and Figure 29. The maximum ABPE, observed for (Zn0.95Co0.05)O:N-400, 
(Zn0.95Co0.05)O:N-500 and (Zn0.95Co0.05)O:N-600 NWs, is 0.82%, 0.92% and 1.39% at 0.79V (vs 
RHE), which is ∼51, ∼57, ∼87 fold higher than that of ZnO (0.016% at 0.92 V vs RHE), 
respectively (Table 2). The superior ABPE obtained at low potential for (Zn0.95Co0.05)O:N NWs  
shows the beneficial role of N as potential dopant in improving the ABPE of (Zn0.95Co0.05)O 
NWs. The maximum ABPE for (Zn0.95Co0.05)O:N-600 NWs (1.39%) is ∼70% and ∼51% higher 
than that of (Zn0.95Co0.05)O:N-400 (0.82%) and (Zn0.95Co0.05)O:N-500 NWs (0.92%), 
respectively. To the best of our knowledge and based on values of ABPE for different ZnO 
materials studied so far given in Table 3, the ABPE of 1.39% for (Zn0.95Co0.05)O:N-600 NWs is 
the maximum ABPE, reported thus far, at considerably lower potential (0.79 V vs RHE) than the 
other ZnO based materials studied to date. These results thus suggest the remarkable 
improvement in photoelectrochemical activity of ZnO by co-doping of Co and N. 
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Figure 27: Linear scan voltammogram (LSV) curves for ZnO and (Zn0.95Co0.05)O:N NWs of 
different N concentration in dark and illumination of 100 mW cm-2 measured in 0.5 M 
Na2SO4 (pH 7) electrolyte solution at 26oC, before and after iRΩ correction 
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Figure 28: Applied bias photon-to-current efficiency (ABPE) as a function of applied 
potential for (Zn0.95Co0.05)O:N NWs of different N concentration 
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Figure 29: Applied bias photon-to-current efficiency (ABPE) as a function of applied 
potential for ZnO NWs 
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Table 2: Results of Tauc analysis, Mott-Schottky analysis and photoelectrochemical 
characterization of ZnO and (Zn0.95Co0.05)O:N NWs of different N concentration 
Composition  Band 
gap 
(eV) 
Carrier 
density  
(cm-3) 
Onset 
potential 
(V, 
RHE) 
Photocurrent 
density at 
0.79V (RHE) 
(mA cm-2) 
Max.  
solar to 
hydrogen 
efficiency 
(SHE)  
(%) 
Potential 
at max. 
SHE   
(V, 
RHE) 
ZnO 3.18 2.35×(1018) 0.28 0.032 0.016 0.92 
(Zn0.95Co0.05)O 2.98 3.98×(1018) 0.15 0.13 0.058 0.82 
(Zn0.9Co0.1)O 2.92 5.02×(1018) 0.15 0.075 0.034 0.82 
(Zn0.95Co0.05)O:N-
400 
2.49 3.1×(1022) -0.005 3.56 0.82 0.79 
(Zn0.95Co0.05)O:N-
500 
2.31 3.98×(1022) -0.015 6.56 0.92 0.79 
(Zn0.95Co0.05)O:N-
600 
2.16 4.6×(1022) -0.03 8.78 1.39 0.79 
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Table 3: Efficiency of photoelectrochemical water splitting of various photoanode 
materials, reported in the literature 
 
Photoanode material Max. 
ABPE,  
% 
Potential 
at max. 
ABPE    
(V, RHE) 
Onset 
potential                                      
(V, RHE) 
Ref 
N-doped ZnO nanowire 
arrays 
0.15 1.11 0.21 106 
N-doped ZnO 
nanotetrapods 
0.31 0.92 0.41 207 
TiO2:Al nanorod array thin 
film 
0.02 0.5 (vs 
Ag/AgCl) 
0.61 219 
Bent ZnO nanorod 
photoanode 
0.08 0.69 - 220 
Si/ZnO core/shell 
nanowire arrays 
0.38 0.65 (vs 
Ag/AgCl) 
0.11 221 
Hierarchical 
Fe2O3/WOx nanowires 
0.2 0.25 0.01 222 
C-doped ZnO 
porous nanoarchitectures 
0.75 0.91 0.31 110 
Si/TiO2 core/shell 
nanowire arrays 
0.035 1.15 0.36 223 
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Table 3 (continued) 
Fe2O3:Cu 
nanostructured film 
0.28 0.6 (vs 
Ag/AgCl) 
1.44 83 
ZnFe2O4/ZnO 
system 
0.15 1.21 0.51 217 
TiO2-ZnS core-shell 0.38 0.81 0.26 65 
Au coated 3D ZnO 
nanowires 
0.52 0.75 0.3 82 
(Zn0.95Co0.05)O:N-
600 NWs  
1.39 0.79 -0.03 Present 
work 
 
 
 
Electrochemical impedance spectroscopy of ZnO and (Zn0.95Co0.05)O:N NWs under illumination 
          In addition to the optoelectronic and photoelectrochemical properties discussed above, 
electron transfer properties are also of considerable importance in understanding the 
photoelectrochemical processes operational for the facile hydrogen production from PEC water 
splitting. Higher ABPE obtained for (Zn0.95Co0.05)O:N-600 NWs compared to (Zn0.95Co0.05)O:N-
400 and (Zn0.95Co0.05)O:N-500 NWs could possibility indicate improved electrochemical 
reaction kinetics in addition to increased light absorption (Figure 22), carrier density (Figure 25 
and Table 2) and charge collection and conversion efficiency or IPCE (Figure 26) for 
(Zn0.95Co0.05)O:N-600 NWs than (Zn0.95Co0.05)O:N-400 and (Zn0.95Co0.05)O:N-500 NWs. Hence, 
to understand the reaction kinetics for (Zn0.95Co0.05)O:N NWs, electrochemical impedance 
spectroscopy (EIS) was carried out to study the charge transfer resistance (Rct) at the 
photoelectro-catalyst/electrolyte interface. Rct for (Zn0.95Co0.05)O:N NWs decreases with increase 
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in N concentration with the lowest Rct for (Zn0.95Co0.05)O:N-600 NWs (16 Ω.cm2), indicating the 
improved reaction kinetics for (Zn0.95Co0.05)O:N NWs with increase in N concentration (Figure 
30 and Table 4). Also, it should be noted that the Rct for (Zn0.95Co0.05)O:N-600 NWs (16 Ω.cm2) 
is almost six-fold lower than pure ZnO (90 Ω.cm2).  
           These results thus show that the electrochemical reaction kinetics and thus, 
photoelectrochemical activity is superior for (Zn0.95Co0.05)O:N-600 NWs in comparison to ZnO 
NWs, (Zn0.95Co0.05)O:N-400 NWs and (Zn0.95Co0.05)O:N-500 NWs, which compounded together 
aid in achieving the maximum ABPE of 1.39% for (Zn0.95Co0.05)O:N-600 NWs. The lower Rct 
for (Zn0.95Co0.05)O:N-600 NWs could possibly be attributed to the efficient separation and thus, 
minimum recombination of the photogenerated carriers, as seen in IPCE analysis (Figure 26).76, 
114, 224, 225 The facile nature of the reaction kinetics in addition to improved optoelectronic 
characteristics renders (Zn0.95Co0.05)O:N-600 NWs a very promising material in comparison to 
other semiconductor materials hitherto under study. 
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Figure 30: EIS spectra of ZnO and (Zn0.95Co0.05)O:N NWs of different N concentration 
obtained at 0.79V (vs RHE) in 0.5 M Na2SO4 (pH 7) electrolyte solution at 26oC in the 
frequency range of 100 mHz to 100 kHz (AC amplitude=10 mV) under illumination (100 
mW cm-2), with the circuit used for fitting experimental data 
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Table 4: Results of EIS analysis of ZnO and (Zn0.95Co0.05)O:N NWs of different N 
concentration, carried out at 0.79 V (vs RHE) in frequency range of 100 mHz-100 kHz (AC 
amplitude=10 mV) under illumination (100 mW cm-2) in 0.5 M Na2SO4 (pH 7) electrolyte 
solution 
Composition Rs (Ωcm2) Re (Ωcm2) Rct (Ωcm2) 
ZnO 15.2 5.8 90 
(Zn0.95Co0.05)O:N-400 15.21 5.7 25 
(Zn0.95Co0.05)O:N-500 15.2 5.65 20 
(Zn0.95Co0.05)O:N-600 15.21 5.5 16 
 
 
 
Photoelectrochemical stability of ZnO and (Zn0.95Co0.05)O:N NWs  
          The photoelectrochemical stability of semiconductor material (photoanode) is important 
for long term operation of PEC water splitting system for hydrogen generation. Hence, to study 
the photoelectrochemical stability of (Zn0.95Co0.05)O:N-600 NWs, chronoamperometry (CA) test 
is carried out at 0.79 V (vs RHE) (at which max. ABPE of 1.39% is obtained for 
(Zn0.95Co0.05)O:N-600 NWs) under illumination for 24 h in the 0.5 M Na2SO4 electrolyte solution 
(with pH buffered to ~7.0). The CA curve for (Zn0.95Co0.05)O:N-600 NWs is shown in Figure 31. 
The very minimal loss in photocurrent density is seen for (Zn0.95Co0.05)O:N-600 NWs indicating 
excellent photoelectrochemical stability of (Zn0.95Co0.05)O:N-600 NWs. Also following the 24 h 
CA test, LSV is carried out to ensure that (Zn0.95Co0.05)O:N-600 NWs displays no degradation 
and is exhibiting similar photoelectrochemical activity, prior to the start of the CA test. The LSV 
curve after 24 h CA test shown in Figure 32, indeed shows negligible loss in 
photoelectrochemical activity for (Zn0.95Co0.05)O:N-600 NWs. ICP analysis conducted on the 
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electrolyte solution, collected after the CA test does not show the presence of Zn and Co for 
(Zn0.95Co0.05)O:N-600 NWs. To compare the photoelectrochemical stability of (Zn0.95Co0.05)O:N-
600 NWs with ZnO NWs, CA test is also carried out for pure ZnO NWs under similar conditions 
as that used for (Zn0.95Co0.05)O:N-600 NWs. The CA curve for pure ZnO (Figure 33) shows 
steady drop in photocurrent density, indicating poor photoelectrochemical stability of ZnO NWs. 
These results clearly show the superior photoelectrochemical stability of (Zn0.95Co0.05)O:N-600 
NWs under illumination in the electrolyte 0.5 M Na2SO4 (pH 7) electrolyte solution over 
extended period of time compared to that of pure ZnO NWs.  
           ZnO is known to undergo photocorrosion226 resulting in the fade behavior as observed in 
Figure 33. The gradual deactivation of ZnO occurs as a result of production of electron-hole 
pairs in the presence of light wherein the electrons are separated to the cathode where they react 
with H+ ions to generate hydrogen gas. The holes on the other hand, on the surface of ZnO 
oxidize water to generate oxygen gas. Two factors play a role in photo-corrosion of ZnO-(a) rate 
of electron-hole generation (b) rate of electrochemical consumption of holes by the reaction10:  
2H2O + 4h+→ O2 + 4H+ 
In the event that the rate of the electrochemical reaction is very sluggish, an excess of holes is 
created on the ZnO surface resulting in photocorrosion by reaction226:  
ZnO + 2h+ → Zn2+ + 1/2O2 
This is the case with the undoped ZnO NWs observed in this study. The six-fold lower Rct than 
ZnO NWs (Figure 30 and Table 4) along with significantly higher IPCE for (Zn0.95Co0.05)O:N-
600 NWs (Figure 26) indicates far more expeditious carrier generation, transport and conversion 
for (Zn0.95Co0.05)O:N-600 NWs than undoped ZnO NWs due to increased carrier density (offered 
by Co and N co-doping) resulting in improved band bending at the semiconductor-electrolyte 
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interface (as discussed earlier).  Thus, this suggests that photogenerated carriers are rapidly 
consumed in the water oxidation process for (Zn0.95Co0.05)O:N-600 NWs due to superior reaction 
kinetics (Figure 30 and Table 4) offered by Co and N co-doping, compared to that for the 
undoped ZnO NWs. In addition, ICP analysis of electrolyte solution collected after the CA test 
does not show the presence of Zn and Co for (Zn0.95Co0.05)O:N-600 NWs. Thus, the deactivation 
process of the semiconductor material by holes is minimal for doped ZnO, .i.e., 
(Zn0.95Co0.05)O:N-600 NWs resulting in superior long term photoelectrochemical stability as seen 
in the CA curve and minimal loss in photoelectrochemical activity after 24 h of CA test 
conducted under illumination (Figure 31 and Figure 32). However, significantly higher Rct 
(Figure 30 and Table 4) values observed for undoped ZnO NWs indicates poor water oxidation 
reaction kinetics. Hence, excess holes can possibly deactivate ZnO NWs (by reaction mentioned 
above) resulting in a steady drop in the photocurrent density as seen in the CA curve (Figure 
33). 
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Figure 31: The variation of photocurrent density vs time in the chronoamperometry test of 
(Zn0.95Co0.05)O:N-600 NWs, performed in a 0.5 M Na2SO4 (pH 7) electrolyte solution under 
a constant potential of 0.79V (vs RHE) at 26oC for 24 h 
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Figure 32: Linear scan voltammogram (LSV) curves for (Zn0.95Co0.05)O:N-600 NWs in 
dark and illumination of 100 mW cm-2 measured in 0.5 M Na2SO4 (pH 7) electrolyte 
solution at 260C, obtained before and after 24 h of chronoamperometry test 
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Figure 33: The variation of photocurrent density vs time in the chronoamperometry test of 
ZnO NWs, performed in a 0.5 M Na2SO4 (pH 7) electrolyte solution under a constant 
potential of 0.79V (vs RHE) at 26oC for 24 h 
 
 
 
Measurement of H2 and O2 gases under illumination 
          It is important to measure the concentration of H2 and O2 gases generated at the cathode 
and photoanode, respectively, to ensure that the photocurrent density is arising from the water 
splitting reaction and that no current density is resulting from any adventitious unwanted side 
reactions. Hence, during the CA test of (Zn0.95Co0.05)O:N-600 NWs at constant potential of 0.79 
V (vs RHE), the concentration of gases evolved was measured at 1 h intervals by gas 
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chromatography (helium used as the carrier gas). Also, the theoretical concentration of H2 gas is 
calculated from the measured photocurrent density using the Faraday’s law given as:195  
No. of moles of H2 =  =  =  
 
where, I is the photocurrent density, t is time, F is the Faraday constant (96484.34 C/mole) and Q 
is the quantity of charge in coulomb. The concentration of theoretical and experimentally 
measured H2 gas and O2 gases measured during the CA test for (Zn0.95Co0.05)O:N-600 NWs are 
shown in Figure 34. The measured amount of evolved H2 gas is closer or comparable to the 
theoretical amount of H2 indicating ∼100% Faradaic efficiency for hydrogen generation. In 
addition, the ratio of concentration of generated H2 and O2 gases is ∼2 and also, no change is 
observed in the pH of the electrolyte solution (∼7) before and after water splitting reaction, 
suggesting that there is stoichiometric decomposition of water to H2 and O2 occurring in the 
present study for (Zn0.95Co0.05)O:N-600 NWs. These results therefore show the excellent long 
term photoelectrochemical stability of (Zn0.95Co0.05)O:N-600 NWs for hydrogen generation 
under illumination, which is of paramount importance for the potential commercialization of the 
PEC water splitting cell system. 
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Figure 34: Theoretical and experimentally measured concentration of H2 and O2 gases, 
measured during chronoamperometry test of (Zn0.95Co0.05)O:N-600 NWs, performed in 0.5 
M Na2SO4 (pH 7) electrolyte solution under a constant potential of 0.79V (vs RHE) at 26oC 
for 24 h 
 
 
 
Conclusions: 
           The present study explores (Zn0.95Co0.05)O:N NWs as a potential photoanode for 
photoelectrochemical water splitting. The nanowires were grown on FTO slide by a simple 
hydrothermal route, followed by heat treatment in NH3 atmosphere. The above results 
demonstrate cobalt and nitrogen as potential dopants for reducing the band gap of ZnO from 3.18 
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eV for pure ZnO NWs to 2.16 eV for (Zn0.95Co0.05)O:N-600 NWs. The results of this study also 
establishes the effectiveness of co-doping using Co and N in ZnO NWs, which yields a four 
orders of magnitude improved carrier density, improved carrier separation, transport and 
collection efficiency, combined with superior photoelectrochemical activity with negative onset 
potential of (-0.02 V vs RHE), and excellent ABPE. The optimal ABPE of 1.39% obtained for 
(Zn0.95Co0.05)O:N-600 NWs at 0.79V vs RHE (or 0.18 V vs Ag/AgCl) is the highest ABPE 
reported so far for ZnO nanostructured photoanodes. Additonally, long-term life test for 24 h 
showed excellent photoelectrochemical stability of (Zn0.95Co0.05)O:N-600 NWs in the electrolyte 
solution under illumination, compared to pure ZnO NWs. The co-doping strategy reported here 
has thus been seen to result in an improvement in photoelectrochemical performance through a 
conjunction of (a) improved light absorption (b) increased carrier density and (c) faster 
electrochemical charge transfer. Hence, it is envisaged that this work will be important in the 
search for semiconductor materials or photoanodes with high photoelectrochemical activity and 
stability in the electrolyte solution for long term operation, portending well with the overall aim 
of achieving efficient and economical hydrogen generation via water splitting by effective 
utilization of solar energy. 
 
 
 
 109 
5.2 Nb AND N CO-DOPED SnO2 NANOTUBES (NTs) (PHOTOANODE) 
5.2.1 STRUCTURAL ANALYSIS OF SnO2 AND (Sn0.95Nb0.05)O2:N NTs 
X-ray diffraction (XRD) study 
           The XRD patterns of SnO2 NTs, (Sn0.95Nb0.05)O2:N-400 NTs, (Sn0.95Nb0.05)O2:N-500 
NTs, (Sn0.95Nb0.05)O2:N-600 NTs, shown in Figure 35, show peaks corresponding to tetragonal 
SnO2 (PDF code: 01-041-1445) without any peaks corresponding to Sn or Nb containing phase, 
suggesting the formation of doped SnO2 NTs.76 The values of molar volume and lattice 
parameters of SnO2 and (Sn0.95Nb0.05)O2:N NTs, calculated using the least square refinement 
technique, are shown in Table 5. The lattice parameter and molar volume of pure SnO2 NTs is 
a=b=4.738Å, c=3.187Å and 21.54 cm3 mol-1, respectively, which is similar to that reported 
earlier.227 The increase in lattice parameter and molar volume is observed with increase in the 
temperature of heat treatment in NH3 for (Sn0.95Nb0.05)O2:N-400 NTs, (Sn0.95Nb0.05)O2:N-500 
NTs and (Sn0.95Nb0.05)O2:N-600 NTs, suggesting incorporation of nitrogen into the 
(Sn0.95Nb0.05)O2 NTs and also lattice expansion upon nitrogen doping.114, 203 However, the XRD 
pattern of (Sn0.95Nb0.05)O2:N-700 NTs shows peaks corresponding to Sn and Nb, suggesting the 
reduction of (Sn0.95Nb0.05)O2 NTs possibly by the atomic hydrogen originating from the 
decomposition of NH3.106 Hence, 600oC was used as the optimal temperature for ammonolysis. 
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Figure 35: The XRD patterns of pure SnO2 NTs and (Sn0.95Nb0.05)O2:N NTs of different N 
concentration in wide angle 2θ scan 
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Table 5: The lattice parameter and molar volume for SnO2 and (Sn0.95Nb0.05)O2:N NTs, 
along with N concentration for (Sn0.95Nb0.05)O2:N NTs (obtained from EDX analysis) 
Composition Lattice 
parameter 
(nm) 
Molar 
volume 
(cm3 mol-1) 
N concentration 
from EDX 
analysis 
(at. %) 
SnO2 a=b=0.4738 
c=0.3187 
21.54 - 
(Sn0.95Nb0.05)O2:N-400  a=b=0.4741 
c=0.3190 
21.58 3.02 
(Sn0.95Nb0.05)O2:N-500  a=b=0.4743 
c=0.3193 
21.62 7.1 
(Sn0.95Nb0.05)O2:N-600  a=b=0.4748 
c=0.3196 
21.69 14.01 
 
 
 
SEM/EDX and TEM study of (Sn0.95Nb0.05)O2:N-600  NTs  
           Scanning electron microscopy (SEM) has been carried out to study the morphology of the 
representative composition, (Sn0.95Nb0.05)O2:N-600 NTs. SEM image showing top view and 
cross-sectional view of (Sn0.95Nb0.05)O2:N-600 NTs is shown in Figure 36, respectively. Cross-
sectional view of (Sn0.95Nb0.05)O2:N-600 NTs show dense and vertically oriented nanotubes of 
diameter of 180-240 nm and length of ∼14µm. The SEM image of (Sn0.95Nb0.05)O2:N-600 NTs 
reveals well-spaced nanotubes with clean surface and without any particles at the top and bottom 
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of nanotubes. Energy dispersive x-ray spectroscopy (EDX) is conducted to confirm the presence 
of elements Sn, Nb and N and also, determine concentration of N in the (Sn0.95Nb0.05)O2:N NTs, 
heat-treated in NH3 at different temperatures.114, 228, 229  EDX spectrum of representative 
composition, (Sn0.95Nb0.05)O2:N-600 NTs, shown in Figure 36, confirms the presence of 
elements Sn, Nb and N. Quantitative elemental composition analysis by EDX of 
(Sn0.95Nb0.05)O2:N-400 NTs, (Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs, shown 
in Table 5, shows increase in N concentration incorporated in (Sn0.95Nb0.05)O2 NTs with increase 
in temperature of heat treatment in NH3.114, 204, 205 TEM images of representative composition, 
(Sn0.95Nb0.05)O2:N-600 NTs, shown in Figure 37 reveals the geometry of hollow nanotube with 
diameter of ∼180-220 nm. 
 
 
 
 
Figure 36: SEM micrograph showing top view, cross-sectional view and EDX spectrum of 
(Sn0.95Nb0.05)O2:N-600 NTs 
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Figure 37: The bright field TEM images of (Sn0.95Nb0.05)O2:N-600 NTs showing hollow 
nanotubes of diameter ∼180-220 nm 
 
 
 
X-ray photoelectron spectroscopy study of SnO2 and (Sn0.95Nb0.05)O2:N NTs  
            To determine the oxidation state of Sn, Nb and N, x-ray photoelectron spectroscopy 
(XPS) was carried out on (Sn0.95Nb0.05)O2:N NTs of different N concentration and pure SnO2 
NTs. The XPS spectrum of Sn (Figure 38) of pure SnO2 shows the presence of Sn 3d3/2 and 3d5/2 
doublet centered at ∼495.37 eV and ∼486.95 eV, corresponding to Sn4+.230 The negative shift in 
binding energy of Sn 3d3/2 and 3d5/2 doublet is observed for (Sn0.95Nb0.05)O2:N NTs, which 
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increases with increase in N concentration, which is consistent with previously reported results 
for N-doped TiO2 nanoparticles.206 In accordance with the previously reported results on N-
doped TiO2 nanoparticles206, the negative shift in Sn 3d3/2 and 3d5/2 doublet for 
(Sn0.95Nb0.05)O2:N NTs can be assigned to change in electron density around Sn4+ due to Nb and 
N co-doping and thus, indicates modification in the electronic structure of SnO2 NTs by Nb and 
N co-doping.114, 206  
           The XPS spectrum of N, shown in Figure 39, shows the presence of N 1s peak centered at 
∼398.3 eV for (Sn0.95Nb0.05)O2:N NTs of different N concentration. The N 1s peak at ∼398.3 eV 
indicates the presence of oxynitride (O-Sn-N or O-Nb-N) for (Sn0.95Nb0.05)O2:N NTs.114, 231, 232 
This shows substitutional doping of N at O sites in the lattice of (Sn0.95Nb0.05)O2:N NTs.106, 114 
Furthermore, the N composition (determined by XPS) is ∼14% for (Sn0.95Nb0.05)O2:N-600 NTs, 
which is similar to that obtained from EDX analysis. The XPS spectrum of Nb of 
(Sn0.95Nb0.05)O2:N NTs, shown in Figure 40, shows the presence of Nb 3d3/2 and Nb 3d5/2 
doublet centered at ∼210.4 and ∼207.6 for (Sn0.95Nb0.05)O2:N-400 NTs, corresponding to Nb4+, 
respectively.233, 234 The shift of Nb 3d3/2 and Nb 3d5/2 doublet to lower binding energy value by 
∼0.1 eV and ∼0.2 eV is observed for both (Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-
600 NTs, which suggests the presence of oxynitride (O-Nb-N) due to substitutional doping of  N 
at the O sites.114, 231 
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Figure 38: The XPS spectra of (Sn0.95Nb0.05)O2:N NTs showing Sn 3d3/2 and 3d5/2 doublet 
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Figure 39: The XPS spectra of (Sn0.95Nb0.05)O2:N NTs showing N 1s peak 
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Figure 40: The XPS spectra of (Sn0.95Nb0.05)O2:N NTs showing Nb 3d3/2 and 3d5/2 doublet 
 
 
 
UV-Vis absorption study and Tauc analysis of SnO2 and (Sn0.95Nb0.05)O2:N NTs  
           The light absorption property of SnO2 and (Sn0.95Nb0.05)O2:N NTs corresponding to 
different N concentration is studied from the UV-Vis absorption spectra, shown in Figure 41. 
The UV-Vis absorption spectrum of pure SnO2 NTs shows the onset of light absorption at ∼350 
nm, which is similar to that reported earlier.235, 236 The UV-Vis absorption spectra show excellent 
light absorption for (Sn0.95Nb0.05)O2:N NTs, compared to pure SnO2 NTs. (Sn0.95Nb0.05)O2:N-400 
NTs, (Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs show superior light absorption 
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than that of both pure SnO2 NTs at 500 nm. 500 nm is chosen for comparison of the absorbance 
of semiconductor materials in this study, as it is closest to the wavelength at which maximum 
solar irradiance is reportedly obtained.189 The light absorption in the visible region increases with 
increase in N concentration for (Sn0.95Nb0.05)O2:N NTs, suggesting the reduction in the band gap 
due to N incorporation in (Sn0.95Nb0.05)O2 NTs.  
           Tauc analysis as conducted earlier for the non-nitrogen doped system is accordingly 
conducted to determine the band gap for (Sn0.95Nb0.05)O2:N NTs. The values of the band gap 
determined from the x-intercept of (αhv)2 vs hv curves of Tauc analysis (Figure 42) are given in 
Table 6. As can be seen, reduction in the band gap is obtained with increase in N concentration 
for (Sn0.95Nb0.05)O2:N NTs, as indicated in Table 6. Also, the band gap of (Sn0.95Nb0.05)O2:N 
NTs is lower than that of pure SnO2 NTs (∼3.53 eV which is similar to that reported earlier237-
239). It is thus noteworthy that the lowest band gap of 1.99 eV is achieved for (Sn0.95Nb0.05)O2:N-
600 NTs, which is significantly lower than non-nitrogen containing SnO2 NTs (3.53 eV), 
suggesting the beneficial role of Nb and N co-doping facilitating the reduction in the wide band 
gap of SnO2. This observed narrowing of the band gap is mainly attributed to the hybridization 
of the substitutional N 2p states with O 2p states, which is expected to shift the valence band 
upwards, without affecting the conduction band thereby, reducing the band gap and improving 
the light absorption in the visible region of interest.34, 114 The reduction in the band gap is 
important since it offers improved light absorption in the visible wavelength regime of use and 
thus creates the appropriate conditions providing more photogenerated carriers for HER. 
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Figure 41: UV-vis absorption spectra of SnO2 NTs and (Sn0.95Nb0.05)O2:N NTs of different 
N concentration 
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Figure 42: Tauc analysis of SnO2 NTs and (Sn0.95Nb0.05)O2:N NTs of different N 
concentration 
 
 
 
Mott-Schottky analysis of SnO2 and (Sn0.95Nb0.05)O2:N NTs  
           The positive effect of Nb and N incorporation in the lattice of SnO2 NTs on the electronic 
properties is studied by Mott-Schottky analysis by performing EIS in the dark in 0.5 M H2SO4 
electrolyte solution at 26oC. The carrier density and flat band potential at the 
nanotubes/electrolyte interface are determined by the Mott-Schottky equation106: 
1/C2 = (2/e0εε0Nd)[(V-VFB)-kT/e0] 
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where, eo is the electron charge, ε is the dielectric constant of SnO2 (taken as 13)240, 241 εo is the 
permittivity of vacuum, Nd is the dopant/carrier density, V is the applied electric potential, VFB is 
the flat band potential,  k is the Boltzmann constant, T is the absolute temperature (299 K).  
           The Mott-Schottky plots of (Sn0.95Nb0.05)O2:N NTs for different N concentration and 
SnO2 NTs are shown in Figure 43 and Figure 44. The flat band potential (VFB) of pure and 
doped SnO2 NTs is found from the x-intercept in Mott-Schottky plots (1/C2 vs V). For undoped 
SnO2 NTs, VFB is ∼0.05 V (vs RHE), while VFB for (Sn0.95Nb0.05)O2:N-400 NTs, 
(Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs are ∼(-0.2 V), ∼(-0.28 V) and ∼(-
0.33 V) (vs RHE), respectively. Thus, the values of VFB of (Sn0.95Nb0.05)O2:N NTs for the 
different N concentration are more negative than the standard reduction potential of water (0 V 
vs NHE), indicating more negative band edge position for (Sn0.95Nb0.05)O2:N NTs than standard 
reduction potential of water. A more negative VFB is thus expected to offer efficient separation of 
the photogenerated carriers at the semiconductor-electrolyte interface due to improved band 
bending at the semiconductor surface.64, 81, 214 This is expected to offer a large driving force to 
the photogenerated electrons resulting in improved photocurrent density.64, 81, 214 The carrier 
density is calculated from the slope determined from the Mott-Schottky plot using the following 
equation: 
Nd = (2/e0εε0)[d(1/C2)/dV]-1 
          The positive slope obtained in the Mott-Schottky plots indicate n-type behavior for SnO2 
and (Sn0.95Nb0.05)O2:N NTs. The carrier density of (Sn0.95Nb0.05)O2:N-400 NTs, 
(Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs is 3.3×1022 cm-3, 4.05×1022 cm-3 
and 4.7×1022 cm-3, which is 4 orders of magnitude higher than that of SnO2 NTs (2.42×1018 cm-3) 
(Table 6). These results therefore clearly demonstrate the potential of Nb and N doping in SnO2 
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NTs contributing to significantly enhancing the carrier density which is vital since this implies 
that a higher number of photogenerated electrons are available for HER (at cathode).  
           The increased carrier density for (Sn0.95Nb0.05)O2:N NTs with increase in N concentration 
is expected to shift the Fermi level upwards towards the conduction band resulting in negative 
shift in VFB with increase in N concentration and thus resulting in increased degree of band 
bending with increase in N concentration.64, 106, 114, 207, 214, 218, 242-246  This is expected to result in 
improved separation of photogenerated carriers at the interface between the (Sn0.95Nb0.05)O2:N 
NTs and the electrolyte solution, leading to improved photocurrent density and thus, superior 
ABPE for (Sn0.95Nb0.05)O2:N NTs, compared to pure SnO2 NTs.64, 106, 114, 207, 214, 218, 242-246 
 
 
 
 
Figure 43: Mott-Schottky plots of (Sn0.95Nb0.05)O2:N NTs of different N concentration 
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Figure 44: Mott-Schottky plot of SnO2 NTs 
 
 
 
5.2.2 PHOTOELECTROCHEMICAL CHARACTERIZATION OF SnO2 AND 
(Sn0.95Nb0.05)O2:N NTs 
IPCE of (Sn0.95Nb0.05)O2:N NTs  
           To study the effect of light absorption properties on the photoelectrochemical properties, 
incident photon to current efficiency (IPCE) was determined for (Sn0.95Nb0.05)O2:N NTs using 
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different bandpass optical filters with wavelength centered at 350, 370, 400, 420, 450, 470, 500, 
520, 550, 570 and 600 nm.  The IPCE is calculated by the equation195: 
IPCE (%) =  
where, J is the measured photocurrent density (mA cm-2), P is the incident light intensity (mW 
cm-2) at a specific wavelength (λ, nm). As shown in Figure 45, the IPCE value is observed to 
increase for (Sn0.95Nb0.05)O2:N NTs with increase in N concentration with the highest value 
obtained for (Sn0.95Nb0.05)O2:N-600 NTs at all the wavelengths considered. At 500 nm in fact, 
IPCE for (Sn0.95Nb0.05)O2:N-400 NTs, (Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 
NTs is 2%, 7% and 10%, respectively. This relatively large increase in IPCE with increase in N 
concentration for (Sn0.95Nb0.05)O2:N NTs can be attributed to the lowering of the optical band 
gap which in turn leads to improved visible light absorption and increase in carrier density, 
thereby, resulting in enhanced charge separation, collection as well as conversion efficiency in 
the visible region of interest. Once again, it should be mentioned that the IPCE value of 10% 
obtained in this study for (Sn0.95Nb0.05)O2:N-600 NTs at 500 nm is indeed the highest IPCE value 
obtained for semiconductor materials explored so far for PEC water splitting to the best of our 
reported understanding.64, 65, 91, 106  The analyses conducted thus far indeed shows that Nb and N 
co-doping together is a promising strategy for improving the photoelectrochemical activity of 
SnO2 NT based systems. 
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Figure 45: IPCE spectra of (Sn0.95Nb0.05)O2:N NTs of different N concentration measured at 
potential of ∼0V (vs RHE) 
 
 
 
Photoelectrochemical activity of SnO2 and (Sn0.95Nb0.05)O2:N NTs  
           The photoelectrochemical activity of SnO2 and (Sn0.95Nb0.05)O2:N NTs of different N 
concentration is studied in 0.5 M H2SO4 as the electrolyte solution using a 300 W xenon lamp 
(Model 6258, Newport) equipped with an AM1.5G filter (Model 81094, Newport) used to 
simulate the solar spectrum. Figure 46 and Figure 47 shows the uncorrected and iRΩ (RΩ, the 
ohmic resistance was determined from EIS analysis discussed in detail later) corrected linear 
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scan voltammogram (LSV) curves of SnO2 NTs and (Sn0.95Nb0.05)O2:N NTs collected in the dark 
and with illumination of 100 mW cm-2 obtained at a scan rate of 1 mV sec-1. The LSV curves 
generated in the dark showed a small current in the range of ∼10-3 mA cm-2 for SnO2 and 
(Sn0.95Nb0.05)O2:N NTs. Pure SnO2 NTs showed poor photoelectrochemical activity with onset 
potential of 0.28 V (vs RHE) and photocurrent density of ∼0 mA cm-2 at 0.75 V mainly due to its 
wide band gap (3.53 eV as shown in Table 6). In comparison to pure SnO2 NTs, an enhanced 
photocurrent density is observed for (Sn0.95Nb0.05)O2:N NTs under illumination with onset 
potential of (-0.01V), (-0.04V) and (-0.14V) (vs RHE) for (Sn0.95Nb0.05)O2:N-400 NTs, 
(Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs, respectively (Table 6). The onset 
potential for (Sn0.95Nb0.05)O2:N NTs is lower than SnO2 (0.28 V vs RHE) (Table 6), indicating 
improvement in photoelectrochemical activity due to Nb and N doping in SnO2 NTs. Also, the 
decrease in the onset potential with increase in N concentration for (Sn0.95Nb0.05)O2:N NTs 
suggests the beneficial role of N in improving the photoelectrochemical activity. It is also again 
noteworthy to point out that the negative onset potential of (Sn0.95Nb0.05)O2:N NTs of (-0.14V vs 
RHE) obtained in this study for (Sn0.95Nb0.05)O2:N-600 NTs suggests that a very minimal bias 
would be required in converting solar energy to photocurrent density indicating superior 
utilization of solar energy in the production of hydrogen from water, an important aspect to be 
considered for commercialization of this novel system. The wide band gap of SnO2 usually does 
not allow for such low onset potentials for water splitting under photo-chemical conditions. The 
tailoring of the band gap of SnO2 by co-doping of Nb and N in this study thus results in this 
remarkable and highly attractive photo-electrochemical behavior.  
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Figure 46: The linear scan voltammogram (LSV) curves for SnO2 NTs in dark and 
illumination of 100 mW cm-2 measured in 0.5 M H2SO4 at 26oC, before and after iRΩ 
correction 
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Figure 47: The linear scan voltammogram (LSV) curves for (Sn0.95Nb0.05)O2:N NTs of 
different N concentration in dark and illumination of 100 mW cm-2 measured in 0.5 M 
H2SO4 at 26oC, before and after iRΩ correction 
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Table 6: Results of Tauc analysis, Mott-Schottky analysis and photoelectrochemical 
characterization of SnO2, (Sn1-xNbx)O2 (x=0.05, 0.1) and (Sn0.95Nb0.05)O2:N NTs (performed 
in 0.5 M H2SO4 electrolyte solution under illumination of 100 mW cm-2 at 26oC) 
Composition  Band 
gap 
(eV) 
Carrier 
density 
(cm-3) 
Onset 
potential 
(V, 
RHE) 
Photocurrent 
density at 
0.75 V (vs 
RHE)           
(mA cm-2) 
Max. 
ABPE 
(%) 
Potential 
corresponding 
to max. ABPE 
(V vs RHE) 
SnO2 3.53 2.42×(1018) 0.28 ∼0 0.008 0.9 
(Sn0.95Nb0.05)O2:N-
400 NTs 
2.58 3.3×(1022) (-0.01) 6.76 1.83 0.8 
(Sn0.95Nb0.05)O2:N-
500 NTs 
2.38 4.05×(1022) (-0.04) 11.74 2.29 0.78 
(Sn0.95Nb0.05)O2:N-
600 NTs 
1.99 4.7×(1022) (-0.14) 25.39 4.1 
 
0.75 
 
 
 
           The photocurrent density at 0.75 V [chosen since the max. ABPE of 4.1% is obtained for 
(Sn0.95Nb0.05)O2:N-600 NTs at 0.75 V discussed later] in the iRΩ corrected LSV plot (Figure 47) 
for (Sn0.95Nb0.05)O2:N-400 NTs, (Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs is 
6.76 mA cm-2, 11.74 mA cm-2 and 25.39 mA cm-2, respectively (Table 6). Thus, the 
photocurrent density at 0.75 V increases with progressive increase in N concentration for 
(Sn0.95Nb0.05)O2:N NTs, with the maximum value obtained for (Sn0.95Nb0.05)O2:N-600 NTs 
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(25.39 mA cm-2), which is ∼275% and ∼116% higher than that obtained for (Sn0.95Nb0.05)O2:N-
400 NTs (6.76 mA cm-2) and (Sn0.95Nb0.05)O2:N-500 NTs (11.74 mA cm-2), respectively. This 
indicates the observed improved reaction kinetics and thus, photoelectrochemical activity with 
increase in N concentration for (Sn0.95Nb0.05)O2:N NTs. Hence, the reaction kinetics is further 
studied by determining charge transfer resistance (Rct) from EIS of (Sn0.95Nb0.05)O2:N NTs. Rct is 
determined from the diameter of the low frequency semicircle and is shown in Table 7. As seen 
in Figure 48, Rct for (Sn0.95Nb0.05)O2:N NTs decreases with increase in N concentration with the 
lowest Rct obtained for (Sn0.95Nb0.05)O2:N-600 NTs composition (15.3 Ω.cm2), indicating 
improved reaction kinetics with increase in N concentration. Also, Rct for (Sn0.95Nb0.05)O2:N-600 
NTs (15.3 Ω.cm2) is almost six-fold lower than pure SnO2 (92 Ω.cm2) (Table 7). These results 
concomitantly show the excellent reaction kinetics and thus expectedly improved 
photoelectrochemical activity for (Sn0.95Nb0.05)O2:N-600 NTs, in comparison to SnO2 NTs, 
(Sn0.95Nb0.05)O2:N-400 NTs and (Sn0.95Nb0.05)O2:N-500 NTs. The lower Rct obtained for 
(Sn0.95Nb0.05)O2:N-600 NTs can be attributed to the efficient charge separation and thus, 
minimum recombination of photogenerated carriers, as seen in the IPCE analysis (Figure 45) 224, 
225. Interestingly, there was no saturation seen in photocurrent density at higher potential under 
illumination, possibly due to efficient separation of photogenerated carriers (Figure 47).106, 114, 
207, 218, 224, 225 
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Figure 48: EIS spectra of SnO2 NTs and (Sn0.95Nb0.05)O2:N NTs of different N 
concentration obtained at 0.75 V (vs RHE) in 0.5 M H2SO4 at 26oC in the frequency range 
of 100 mHz to 100 kHz under illumination (100 mW cm-2) with the circuit used for fitting 
experimental data 
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Table 7: Results of EIS analysis of SnO2 and (Sn0.95Nb0.05)O2:N NTs performed at 0.75 V 
(RHE) in 0.5 M H2SO4 electrolyte solution in frequency range of 100 mHz-100 kHz under 
illumination (100 mW cm-2) at 26oC 
Composition Rs (Ω.cm2) Re (Ω.cm2) Rct (Ω.cm2) 
SnO2 15.16 6.49 92  
(Sn0.95Nb0.05)O2:N-
400 NTs 
15.17 6.43 
24.6  
(Sn0.95Nb0.05)O2:N-
500 NTs 
15.16 6.41 
19.2  
(Sn0.95Nb0.05)O2:N-
600 NTs 
15.17 6.38 
15.3  
 
 
 
           The photocurrent density at 0.75 V in iRΩ corrected LSV plot (Figure 47) for 
(Sn0.95Nb0.05)O2:N NTs is significantly higher than that of pure SnO2 NTs (∼0 mA cm-2) (Figure 
46), suggesting remarkably improved photoelectrochemical activity of (Sn0.95Nb0.05)O2:N NTs 
after Nb and N doping. Thus the excellent photoelectrochemical activity of (Sn0.95Nb0.05)O2:N 
NTs which increases with increase in N concentration with maximum value obtained for 
(Sn0.95Nb0.05)O2:N-600 NTs can be attributed to the decrease in the band gap (as seen in the Tauc 
analysis in Figure 42 and Table 6) and thus, improved light absorption (as seen in the UV-vis 
absorption spectra in Figure 41), increase in carrier density (as perceived in the Mott-Schottky 
analysis in Figure 43 and Table 6), improved charge separation, transport and collection (as 
observed in the IPCE analysis in Figure 45) and improved electrochemical charge transfer (as 
 133 
witnessed in the EIS plots obtained under illumination in Figure 48 and Table 7) with increase 
in N concentration.114  
           The variation of applied bias photon-to-current efficiency (ABPE) for SnO2 NTs and 
(Sn0.95Nb0.05)O2:N NTs, calculated using Equation 1 with applied potential is shown in Figure 
49 and Figure 50. The maximum ABPE observed for (Sn0.95Nb0.05)O2:N-400 NTs, 
(Sn0.95Nb0.05)O2:N-500 NTs and (Sn0.95Nb0.05)O2:N-600 NTs is 1.83%, 2.29% and 4.1% at 0.8 V, 
0.78 V and 0.75 V (vs RHE), respectively. These results indicate that the ABPE obtained for 
(Sn0.95Nb0.05)O2:N NTs is 100-1000 order of magnitude higher than that for SnO2 NTs (0.008% 
at 0.9 V) clearly pointing towards the beneficial role of Nb and N co-doping simultaneously 
leading to significant improvement in the ABPE of SnO2 NTs. The impressive progression seen 
here can be gauged from the fact that the highest ABPE obtained in this study for 
(Sn0.95Nb0.05)O2:N-600 NTs (4.1% at 0.75 V) is correspondingly ∼124% and ∼79% higher than 
that of (Sn0.95Nb0.05)O2:N-400 NTs (1.83% at 0.8V) and (Sn0.95Nb0.05)O2:N-500 NTs (2.29% at 
0.78V), respectively. These results therefore validate the implementation of Nb and N as a 
potential dopant in improving the photoelectrochemical activity of SnO2 NTs. 
           It is also important to note that the ABPE of 4.1% obtained in this study for 
(Sn0.95Nb0.05)O2:N-600 NTs (at 0.75 V) is the highest ABPE obtained so far compared to other 
semiconductor materials studied as photoanode for PEC water splitting such as TiO2, ZnO and 
Fe2O3, to the best of our assessment of the widely reported literature to date (Table 8).64, 114, 176-
178 These excellent and unprecedented results clearly show the potential of Nb and N co-doping 
leading to significantly improving the photoelectrochemical activity and ABPE of SnO2 NTs, as 
evidenced in above studies. 
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Figure 49: Applied bias photon-to-current efficiency (ABPE) as a function of applied 
potential for SnO2 NTs 
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Figure 50: Applied bias photon-to-current efficiency (ABPE) as a function of applied 
potential for (Sn0.95Nb0.05)O2:N NTs of different N concentration 
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Table 8: Efficiency of photoelectrochemical water splitting of various photoanode 
materials, reported in the literature 
 
Photoanode material Max. 
ABPE,  
% 
Potential 
at max. 
ABPE    
(V, RHE) 
Onset 
potential                                      
(V, RHE) 
Ref 
N-doped ZnO nanowire 
arrays 
0.15 1.11 0.21 106 
N-doped ZnO 
nanotetrapods 
0.31 0.92 0.41 207 
TiO2:Al nanorod array thin 
film 
0.02 0.5 (vs 
Ag/AgCl) 
0.61 219 
Bent ZnO nanorod 
photoanode 
0.08 0.69 - 220 
Si/ZnO core/shell 
nanowire arrays 
0.38 0.65 (vs 
Ag/AgCl) 
0.11 221 
Hierarchical 
Fe2O3/WOx nanowires 
0.2 0.25 0.01 222 
C-doped ZnO 
porous nanoarchitectures 
0.75 0.91 0.31 110 
Si/TiO2 core/shell 
nanowire arrays 
0.035 1.15 0.36 223 
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Table 8 (continued) 
Fe2O3:Cu 
nanostructured film 
0.28 0.6 (vs 
Ag/AgCl) 
1.44 83 
ZnFe2O4/ZnO 
system 
0.15 1.21 0.51 217 
TiO2-ZnS core-shell 0.38 0.81 0.26 65 
Au coated 3D ZnO 
nanowires 
0.52 0.75 0.3 82 
(Sn0.95Nb0.05)O2:N-
600 NTs  
4.1 0.75 -0.14 Present 
work 
 
 
 
Photoelectrochemical stability of (Sn0.95Nb0.05)O2:N NTs  
            It is important that in addition to the excellent photoelectrochemical activity discussed 
above, the semiconductor materials need to also exhibit adequate and acceptable long term 
photoelectrochemical stability for use of these systems in PEC water splitting cell. Hence, 
accordingly, chronoamperometry (CA) test has been carried out for 24 h to study the long term 
photoelectrochemical stability of (Sn0.95Nb0.05)O2:N-600 NTs under illumination in the 
electrolyte solution. The CA test is carried out at a constant potential of 0.75 V (at which the 
max. ABPE is obtained, as shown in Figure 50 and Table 6) in 0.5 M H2SO4 solution by 
illuminating the photoanode for 24 h. The corresponding CA curve of (Sn0.95Nb0.05)O2:N-600 
NTs is shown in Figure 51. A very minimal loss in photocurrent density is observed for 
(Sn0.95Nb0.05)O2:N-600 NTs indicating excellent photoelectrochemical stability of the co-doped 
system. In addition, the CA curve obtained under light ON/OFF cycles shows instantaneous 
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photoresponse of (Sn0.95Nb0.05)O2:N-600 NTs under illumination and also, displays superior 
photoelectrohcemical stability with negligible loss in photocurrent density (Figure 52). After 24 
h CA test, LSV is carried out (Figure 53) to study and determine any potential loss in 
photoelectrochemical activity of (Sn0.95Nb0.05)O2:N-600 NTs and accordingly, ensure that the 
system undergoes no degradation and exhibits similar photoelectrochemical activity prior to the 
start of the CA test. Accordingly, LSV collected after 24 h CA test shows negligible loss in 
photoelectrochemical activity of (Sn0.95Nb0.05)O2:N-600 NTs, suggesting the excellent 
photoelectrochemical stability of the co-doped system obtained following ammonolysis at 
600oC. The ICP analysis conducted on the electrolyte solution collected after CA test does not 
show the presence of Sn and Nb for the (Sn0.95Nb0.05)O2:N-600 NTs. This result is a further 
testimonial affirming the excellent photoelectrochemical stability of (Sn0.95Nb0.05)O2:N-600 NTs 
in the electrolyte solution under illumination of 100 mW cm-2 indicating the ability of the system 
to be deployed for long term operation in PEC water splitting cell. 
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Figure 51: The variation of photocurrent density vs time in the chronoamperometry test of 
(Sn0.95Nb0.05)O2:N-600 NTs, performed in 0.5 M H2SO4 solution under a constant potential 
of 0.75 V (vs RHE) at 26oC for 24 h under illumination (100 mW cm-2) 
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Figure 52: The variation of photocurrent density vs time in the chronoamperometry test of 
(Sn0.95Nb0.05)O2:N-600 NTs, performed in 0.5 M H2SO4 solution at 260C  under a constant 
potential of 0.75 V (vs RHE) at 100 mW/cm2 with 200 sec light ON/OFF cycles for 25 min 
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Figure 53: The linear scan voltammogram (LSV) curve for (Sn0.95Nb0.05)O2:N-600 NTs in 
dark and under illumination of 100 mW cm-2 measured in 0.5 M H2SO4 at 260C, obtained 
before and after 24 h chronoamperometry test 
 
 
 
Measurement of H2 and O2 gases under illumination  
            Measurement of the concentration of H2 and O2 gases generated at the cathode and 
photoanode, respectively serves as a measure of the efficiency of the system and is thus carried 
out to ensure that the photocurrent is indeed arising from water splitting. Hence, during CA test 
of (Sn0.95Nb0.05)O2:N-600 NTs at constant potential of 0.75 V, the concentration of the gases 
generated were measured after 1 h intervals by gas chromatography. Additionally, the theoretical 
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concentration of H2 gas is calculated from the measured photocurrent using the Faraday’s law as 
under195:  
No. of moles of H2 =  =  =  
 
where, I is the photocurrent density, t is time, F is the Faraday constant (96484.34 C mol-1) and Q 
is the quantity of charge in coulomb. The concentration of H2 and O2 gases evolved is 
correspondingly shown in Figure 54. As shown in Figure 54, the theoretical amount of evolved 
H2 gas is closer or comparable to the measured amount of H2, suggesting ∼100% Faradaic 
efficiency. If the decomposition of water is non-stoichiometric, there will be change in 
concentration of either H+ or OH- ions. However, in this study, the ratio of concentration of 
generated H2 and O2 gases is ∼2, as seen in Figure 54 and also, there was no change observed in 
the pH of the electrolyte solution (∼0) before and after water splitting reaction, an extremely 
important aspect further confirming the efficiency of the novel system. This result thus shows the 
expected stoichiometric decomposition of water into H2 and O2 in the present study for 
(Sn0.95Nb0.05)O2:N-600 NTs serving to demonstrate the promise of this uniquely engineered 
system. 
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Figure 54: Theoretical and experimentally measured concentration of H2 gas and 
experimentally measured concentration of O2 gas, measured during 24 h 
chronoamperometry test of (Sn0.95Nb0.05)O2:N-600 NTs, performed in 0.5 M H2SO4 solution 
under a constant potential of 0.75 V (vs RHE) at 26oC for 24 h 
 
 
 
Conclusions: 
           The photoelectrochemical activity of a carefully engineered and band gap tailored system 
(Sn0.95Nb0.05)O2:N NTs is reported in this study. The nanotubes were synthesized using ZnO 
NWs as sacrificial template followed by systematic heat treatment in NH3 atmosphere. This work 
clearly demonstrates the potential of Nb and N co-doping to significantly reduce the optical band 
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gap of SnO2 NTs from 3.53 eV to 1.99 eV for (Sn0.95Nb0.05)O2:N-600 NTs leading to excellent 
light absorption characteristics. Accordingly, Nb and N co-doping results in 4-orders of 
magnitude improved carrier density, improved carrier separation and transport and collection 
efficiency as well as outstanding ABPE, along with negative onset potential (-0.01 V to -0.14 V) 
indicating superior photoelectrochemical activity. The optical band gap of (Sn0.95Nb0.05)O2:N-
600 NTs is indeed the lowest reported for SnO2 based materials combined with significantly 
improved carrier density which together opens up new ground for this material to be explored for 
different solar energy based applications. 
           The ABPE of 4.1% obtained for (Sn0.95Nb0.05)O2:N-600 NTs at 0.75 V (vs RHE) is indeed 
the highest ABPE reported so far following careful assessment of the reports available in the 
literature to date compared to other well-known materials,  ZnO, Fe2O3 and TiO2. Furthermore, 
(Sn0.95Nb0.05)O2:N-600 NTs exhibit excellent long term photoelectrochemical stability in the 
electrolyte solution under illumination. The Nb and N co-doping strategy for SnO2 thus results in 
excellent photoelectrochemical performance for (Sn0.95Nb0.05)O2:N-600 NTs mainly due to (a) 
excellent light absorption properties, (b) increased carrier density, and (c) facile electrochemical 
charge transfer. This work will therefore be important in the pursuit of photoelectrochemically 
active and stable semiconductor materials for efficient and economical hydrogen generation from 
PEC water splitting. 
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5.3 [WO3-(Sn0.95Nb0.05)O2:N-600] BILAYER PHOTOANODES 
5.3.1 STRUCTURAL ANALYSIS OF [WO3-(Sn0.95Nb0.05)O2:N-600] NANOTUBES (NTs) 
X-ray diffraction (XRD) study 
          The XRD patterns of (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs are shown in 
Figure 55. The peaks of (Sn0.95Nb0.05)O2:N-600 NTs (Figure 55) correspond to that of pure 
SnO2 with the tetragonal structure (PDF code: 01-041-1445)76, displaying no additional peaks 
corresponding to other Sn and Nb-containing phases indicating co-doping of Nb and N in the 
SnO2 lattice, and also no reduction of the FTO substrate due to heat treatment at 600oC similar to 
that reported earlier and also verified by the UV-Vis absorption spectra of the FTO substrate as 
discussed later.76, 106 Annealing in NH3 atmosphere was not performed at temperature higher than 
600oC since the reduction of (Sn0.95Nb0.05)O2 NTs likely due to the atomic hydrogen originating 
from the decomposition of NH3 was observed (at 700oC) as reported earlier as well.76, 106 The 
XRD patterns of the bilayer materials clearly reveal presence of both WO3 with the monoclinic 
structure (PDF code: 01-083-0950)186 and (Sn0.95Nb0.05)O2:N-600 NTs with the tetragonal 
structure (Figure 55). The lattice parameters of WO3-(Sn0.95Nb0.05)O2:N-600 are slightly lower 
than that of (Sn0.95Nb0.05)O2:N-600 (Table 9) suggesting presence of lattice strain due to lattice 
mismatch between WO3 and (Sn0.95Nb0.05)O2:N-600. The lattice parameters decrease from  
[WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs to [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs (Table 9) 
suggesting slight lattice contraction, which possibly contributes to the modification in the 
optoelectronic properties and PEC response as discussed later.  
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Figure 55: The XRD patterns of SnO2 NTs, (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs in wide angle 2θ scan 
 
 
 
SEM/EDX and TEM study  
Scanning electron microscopy (SEM) has been carried out to study the morphology of the 
representative composition, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs. SEM images showing the top 
view and cross-sectional view of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs are shown in Figure 56. 
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The cross-sectional view of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs shows ∼12-14 µm long well-
spaced nanotubes. The nanotubes exhibit clean surface with no presence of any particle at the top 
or at the bottom of the nanotubes. Quantitative elemental analysis of [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs has been carried out by energy dispersive x-ray spectroscopy (EDX). The EDX 
spectrum of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs, shown in Figure 56, shows the presence of 
elements Sn, Nb, W and N. Quantitative elemental composition analysis by EDX of 
(Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs is shown in Table 9. The increase in the 
concentration of Sn, Nb and N combined with the decrease in concentration of W can likely be 
due to the increase in the thickness of the (Sn0.95Nb0.05)O2:N-600 NTs layer which is coated on 
the WO3 layer. 
           TEM images of the single and composite bilayer architectures, (Sn0.95Nb0.05)O2:N-600 
NT, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NT, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NT and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NT, displayed in Figure 57, reveals clearly the presence of the hollow 
nanotube with diameter of ∼220 nm, ∼240 nm, ∼270 nm and ∼290 nm, respectively. The larger 
diameter of [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NT compared to that of (Sn0.95Nb0.05)O2:N-600 NT 
can be attributed to the layer of WO3 on which (Sn0.95Nb0.05)O2:N-600 layer is coated. The 
gradual monotonic increase in the diameter of the composite bilayer photoanode materials from 
[WO3-(Sn0.95Nb0.05)O2:N-600]-1 NT to [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NT is likely due to the 
increase in the thickness of the (Sn0.95Nb0.05)O2:N-600 layer due to an increase in the molar 
concentration of the precursor solutions (AHFS, ANOH and H3BO3) used for creating the Nb 
doped tin oxide NTs, as described in the experimental section of this study (Section 4.1.3). 
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Figure 56: SEM micrograph showing top and cross-sectional view along with EDX 
spectrum of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
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Table 9: The lattice parameters and quantitative elemental composition analysis by EDX 
for (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
Composition Lattice parameter 
(nm) 
EDX composition 
Sn 
(at. %) 
Nb 
(at. %) 
N  
(at. %) 
W 
(at. %) 
(Sn0.95Nb0.05)O2:
N-600 NTs 
a=b=0.4748±0.001, 
c=0.3196±0.002;  
81.19 4.8 14.01 - 
[WO3-
(Sn0.95Nb0.05)O2:
N-600]-1 NTs 
a=b=0.4746±0.01, 
c=0.3195±0.001 
 
75.95 4.49 13.1 6.45 
[WO3-
(Sn0.95Nb0.05)O2:
N-600]-2 NTs 
a=b=0.4745±0.002, 
c=0.3194±0.01 
 
78.56 4.64 13.58 3.22 
[WO3-
(Sn0.95Nb0.05)O2:
N-600]-3 NTs 
a=b=0.4744±0.001, 
c=0.3192±0.01 
 
81.17 4.79 14.00 0.03 
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Figure 57: The bright field TEM images of (Sn0.95Nb0.05)O2:N-600 NT, [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NT, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NT and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NT 
 
 
 
X-ray photoelectron spectroscopy study 
           The oxidation states of the corresponding elements, Sn, Nb, W and N in the composite 
bilayer oxide has been determined by performing x-ray photoelectron spectroscopy (XPS) on the 
respective bilayer composites, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-
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600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs. The XPS spectrum of Sn (Figure 58) of 
[WO3-(Sn0.95Nb0.05)O2:N-600] NTs of different thicknesses shows the presence of Sn 3d3/2 and 
3d5/2 doublet centered at ∼495.27 eV and ∼486.8 eV, corresponding to Sn4+.76, 230 Thus, the 
negative shift of ∼0.1-0.15 eV is observed in the Sn 3d3/2 and 3d5/2 doublets in comparison to that 
of pure SnO2. 76  This can be due to a change in the electron density around the Sn4+ ions due to 
the introduction of Nb and N co-dopants resulting in modification of the electronic structure of 
SnO2 (as reported by us earlier).76, 206 The XPS spectrum of N, shown in Figure 59, shows the 
presence of N 1s peak centered at ∼398.3 eV for [WO3-(Sn0.95Nb0.05)O2:N-600] NTs of different 
thicknesses indicating the presence of the oxynitride (O-Sn-N or O-Nb-N) and thus resulting in 
the substitutional doping of N at O sites in the lattice of (Sn0.95Nb0.05)O2:N NTs as reported 
earlier.76, 106, 114, 231, 232  The XPS spectrum of Nb shown in Figure 60 shows the presence of Nb 
3d3/2 and 3d5/2 doublet centered at ∼210.3 and ∼207.5 for (Sn0.95Nb0.05)O2:N-600 NTs, 
corresponding to Nb4+, respectively as observed earlier.76, 233, 234 Thus, the negative shift of ∼0.1 
eV is observed in the Nb 3d3/2 and 3d5/2 doublets in comparison to that of NbOx247, indicates the 
presence of oxynitride (O-Nb-N) due to the substitutional doping of N at the O sites in the 
composite bilayer which is similar to that reported by us earlier.76, 114 The XPS spectrum of W, 
shown in Figure 61, shows the W 4f7/2 and W 4f5/2 doublets centered at ~35.7 eV and ~37.9 eV, 
respectively consistent with bulk WO3.186 The increase in the intensities of the Sn 3d doublets, 
Nb 3d doublets, N 1s peak along with the corresponding decrease in the intensity of the W 4f 
doublets is observed as the peak intensities are compared arising from [WO3-(Sn0.95Nb0.05)O2:N-
600]-1 NTs to [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs bilayer composite samples clearly reflecting 
the increase in concentration of Sn, Nb and N and decrease in concentration of W on the surface 
of bilayer photoanode materials, which is likely due to an increase in the thickness of the 
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(Sn0.95Nb0.05)O2:N-600 NT layer which is coated on the WO3 NT layer (Figure 58, Figure 59, 
Figure 60 and Figure 61). 
 
 
 
 
Figure 58: The XPS spectra of (a) [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, (b) [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and (c) [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs, showing Sn 3d3/2 
and 3d5/2 doublet 
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Figure 59: The XPS spectra of (a) [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, (b) [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and (c) [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs, showing N 1s 
peak 
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Figure 60: The XPS spectra of (a) [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, (b) [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and (c) [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs, showing Nb 3d3/2 
and 3d5/2 doublet 
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Figure 61: The XPS spectra of (a) [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, (b) [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and (c) [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs, showing W 4f5/2 
and 4f7/2 doublet 
 
 
 
UV-Vis absorption study 
                      The light absorption characteristics of the three nanotubular bilayer composite 
architectures, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and 
[WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs are studied from the UV-vis absorption spectra, shown in 
Figure 62. The UV-vis absorption spectrum of (Sn0.95Nb0.05)O2:N-600 NTs is also shown for 
comparison in Figure 62, in order to study the effect of coupling of the two semiconductor 
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materials, i.e., WO3 and (Sn0.95Nb0.05)O2:N-600 on the resulting light absorption characteristics. 
As seen in Figure 62, the UV-vis absorption spectrum of (Sn0.95Nb0.05)O2:N-600 NTs show 
superior light absorption in the visible region indicating red shift in light absorption from the UV 
region (for pure SnO2 which is UV active due to wide band gap of ∼3.5 eV) to the visible region, 
a consequence of the reduction in the band gap due to Nb and N co-doping in SnO2, as reported 
by us earlier.76 Also, as mentioned earlier, this can be attributed to electronic states of Nb 
introduced in the band gap of SnO2, along with the appearance of N 2p states at top of the 
valence band which hybridize with O 2p states resulting in the shift in the valence band (i.e., 
highest occupied molecular orbital, HOMO) upwards, without affecting the conduction band 
(i.e., lowest unoccupied molecular orbital, LUMO), thereby, reducing the band gap.34, 76, 115, 119, 
248, 249  
           The bilayer photoanode materials, i.e., [WO3-(Sn0.95Nb0.05)O2:N-600] NTs corresponding 
to the different thicknesses show superior light absorption characteristics compared to that of the 
pristine (Sn0.95Nb0.05)O2:N-600 NTs in both the UV and visible regions, suggesting a further 
reduction in the band gap (Table 10) due to coupling of the WO3 layer and (Sn0.95Nb0.05)O2:N-
600. This can be due to: (I) a redesign of the band gap at the interface of WO3 and 
(Sn0.95Nb0.05)O2:N-600 (which are expected to form bilayer structure with staggered type II band 
alignment).65, 88, 250 The lattice strain is expected to exist at the interface due to a lattice mismatch 
between WO3 and (Sn0.95Nb0.05)O2:N-600.65, 88, 250 The possible relaxation of the crystal structure 
can introduce delocalization levels in the band gap resulting in a reduction in the band gap.65, 88, 
250 (II) a combined effect of both WO3 (band gap of ∼2.8 eV)88 and lower band gap 
(Sn0.95Nb0.05)O2:N-600 (band gap of ∼1.99 eV)76 on the light absorption.81  Also, it can be seen 
that the light absorption monotonically increases for the bilayer photoanode materials from 
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[WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs to [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs, which is likely 
due to the increase in the thickness of the layer of (Sn0.95Nb0.05)O2:N-600 of relatively small band 
gap (∼1.99 eV) and superior light absorption properties76 which is coated on WO3 layer (having 
band gap of ∼2.8 eV88).65, 81 This reduction in the band gap is important, which offers improved 
light absorption and thus, provides more number of photo-generated carriers to induce the 
desired reactions at both the cathode and the photoanode, respectively. It is important to note that 
similar UV-Vis spectra of FTO substrate and FTO substrate annealed at 600oC in NH3 
atmosphere indicate no reduction of the FTO substrate phase (see Figure 63). The valence band 
spectra of SnO2, (Sn0.95Nb0.05)O2:N-600 and [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs were used to 
study the electronic structure. The top of the valence band measured at the rising edge (Figure 
64) is ∼3.5 eV below the Fermi level for pure SnO2 which is similar to earlier report.251 The top 
of the valence band however, shifts to the lower position (~1.66 eV) for (Sn0.95Nb0.05)O2:N-600  
compared to SnO2 and further negatively shifts (to ~1.5 eV) lower for [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 compared to SnO2 and (Sn0.95Nb0.05)O2:N-600. This negative shift at the top of the 
valence band to lower potential corresponds well with the decrease in the  band gap (as seen in 
Figure 62) and negative shift in VFB (Figure 65) also discussed below.81 
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Figure 62: UV-vis absorption spectra of (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs 
 
 
 
 
Figure 63: UV-vis absorption spectra of (a) FTO substrate and (b) FTO annealed at 6000C 
in NH3 atmosphere 
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Figure 64: Valence band spectra of SnO2, (Sn0.95Nb0.05)O2:N-600 and [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs 
 
 
 
Mott-Schottky analysis  
                      The effect of coupling of WO3 and (Sn0.95Nb0.05)O2:N-600 NTs on the electronic 
properties is studied following the Mott-Schottky analysis. Following this analysis, the 
capacitance at the electrode is measured by performing electrochemical impedance spectroscopy 
(EIS) in the dark in 0.5 M H2SO4 electrolyte solution at 26oC. The carrier density for the 
photoanode material is then determined using the Mott-Schottky equation114, 218: 
1/C2 = (2/e0εε0Nd)[(V-VFB)-kT/e0] 
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where, e0 is the electron charge, ε is the dielectric constant, ε0 is the permittivity of 
vacuum, Nd is the carrier density, V is the applied potential, VFB is the flat band potential,  k is 
the Boltzmann constant, T is the absolute temperature (299 K). The Mott-Schottky plot (1/C2 vs 
V) is plotted for all the three bilayer composite systems namely, for [WO3-(Sn0.95Nb0.05)O2:N-
600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs and 
is shown in Figure 65. The flat band potential (Vfb), determined from the x-intercept of the linear 
region of the Mott-Schottky plot for [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs is ∼(-0.57 V vs RHE), 
∼(-0.61 V vs RHE) and ∼(-0.63 V vs RHE), respectively (comparable to that reported earlier81, 
106). Thus, the VFB of [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs is more negative than the standard redox potential for 
water reduction reaction (i.e. hydrogen evolution reaction, HER) (0 V vs NHE), indicative of the 
more negative position of the conduction band than the standard redox potential of HER.76, 81, 114, 
218 The decrease in Vfb for [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-
2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs suggests an increase in the shift of the 
conduction band of the bilayer composite material to higher energy.64, 76, 81, 106, 114, 207, 214, 218, 242-
246 This is expected to result in increase in the driving force for electrons which is important for 
achieving superior photocurrent density.64, 81, 106, 114, 207, 214, 218, 242-246 Vfb of [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs is more negative than that of (Sn0.95Nb0.05)O2:N-600 NTs which 
showed a Vfb of ∼(-0.33 V)76 (Figure 43), indicating that the position of the conduction band of 
the composite bilayer photoanode materials is at a higher energy than that of (Sn0.95Nb0.05)O2:N-
600 NTs.64, 76, 81, 106, 114, 207, 214, 218, 242-246 
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The positive slope obtained in the Mott-Schottky plots indicate n-type behavior for 
(Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs. The carrier density is then calculated from 
the slopes determined from the Mott-Schottky plot using the equation 76, 106, 114: 
Nd = (2/eoεεo)[d(1/C2)/dV]-1  
The carrier density of the three bilayer composite structures namely, [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs is determined to be ∼4.95×1022 cm-3, ∼5.6×1022 cm-3 and 
∼6.05×1022 cm-3, respectively, which is higher than that of (Sn0.95Nb0.05)O2:N-600 NTs 
(∼4.7×1022 cm-3) (Table 10). The carrier density was also measured using the Hall measurement 
system for three bilayer composites, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs to be ∼2.7×1022 cm-3, 
∼4.5×1022 cm-3 and ∼6.2×1022 cm-3, respectively, which is also higher than that of 
(Sn0.95Nb0.05)O2:N-600 NTs (∼1.9×1022 cm-3).  
The higher carrier density of the bilayer photoanode materials contrasted to that of the 
pristine, (Sn0.95Nb0.05)O2:N-600 NTs can be due to coupling of (Sn0.95Nb0.05)O2:N-600 NTs with 
the WO3 resulting in better transfer of electrons from the conduction band of (Sn0.95Nb0.05)O2:N-
600 NTs to the conduction band of WO3 (Figure 10) leading to a higher density of electrons in 
WO3 and thus, resulting in a higher carrier concentration for the bilayer materials similar to that 
reported earlier.65, 218 Also, the monotonic increase in carrier density measured for [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs to [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs can be likely due to the 
systematic increase in the thickness of (Sn0.95Nb0.05)O2:N-600 layer [which exhibits high carrier 
density (∼4.7×1022 cm-3) (as reported by us earlier76) on the WO3 layer. It should be noted that 
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the highest carrier density of (∼6.05×1022 cm-3) obtained in this study for [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs is in the range of that of the hydrogen-treated TiO2 nanowires 
(∼2.1×1022 cm-3)64 which showed excellent photo-electrochemical activity with photo-conversion 
efficiency of ∼1.63% (at applied bias of ~0.42 V vs RHE) and WO3 films with superior photo-
electrochemcial performance (∼2.5×1022 cm-3)252, 253. These results are very important as high 
carrier density is expected to offer more number of carriers available for the reactions occurring 
at both the cathode and photoanode, respectively. The increased carrier density for the bilayer 
photoanode materials from [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs to [WO3-(Sn0.95Nb0.05)O2:N-
600]-3 NTs is expected to shift the Fermi level upwards towards the conduction band resulting in 
negative shift in VFB (as discussed earlier) and thus, this is expected to result in increased degree 
of band bending from [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs to [WO3-(Sn0.95Nb0.05)O2:N-600]-3 
NTs.64, 76, 106, 114, 207, 214, 218, 242-246 This will offer improved separation of the photo-generated 
carriers at the interface between the semiconductor material and the electrolyte, leading to 
improved photo-electrochemical activity.64, 76, 106, 114, 207, 214, 218, 242-246 The valence band spectra of 
SnO2, (Sn0.95Nb0.05)O2:N-600 and [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs were used to study the 
electronic structure. 
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Figure 65: Mott-Schottky plots of [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
 
 
 
5.3.2 PHOTOELECTROCHEMICAL CHARACTERIZATION OF [WO3-
(Sn0.95Nb0.05)O2:N-600] NTs 
Photoelectrochemical activity 
          The photo-electrochemical activity of different photoanode materials is studied in 
0.5 M H2SO4 electrolyte solution. Figure 66 shows linear scan voltammogram (LSV) curves of 
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(Sn0.95Nb0.05)O2:N NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 
NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs in dark and under illumination of 100mW cm-2, 
obtained using scan rate of 1 mV sec-1. LSV curves obtained in dark showed a small current in 
the range of ∼10-3 mA cm-2 for all the semiconductor materials. However, under illumination, 
enhanced photocurrent density is observed for all the semiconductor materials. For 
(Sn0.95Nb0.05)O2:N NTs, the onset of photocurrent density begins at ∼(-0.14 V vs RHE) which is 
noteworthy as it suggests the need for very minimal external potential in generating the desired 
photocurrent density from the semiconductor material with superior utilization of the solar 
energy alone, as reported earlier.76 The values of the onset potential for all the semiconductor 
materials studied and presented herein are given in Table 10. The onset of photocurrent density 
for [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs starts at ∼(-0.4 V vs RHE), ∼(-0.55 V vs RHE) and ∼(-0.08 vs 
RHE), respectively. The lower onset potential of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs than 
(Sn0.95Nb0.05)O2:N NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs indicates superior photo-
electrochemical activity of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs than that of (Sn0.95Nb0.05)O2:N 
NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs. This can be attributed to:  (I) more negative flat 
band potential and high carrier density (Figure 65 and Table 10) of [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs leading to more negative position of the Fermi level (and thus, conduction band) 
resulting in more driving force for generating photo-generated electrons81, 218 and (II) efficient 
separation of the photo-generated carriers with minimum recombination leading to long carrier 
lifetime (discussed later) for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs.81, 218 
           However, the higher onset potential of [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs than that of 
the (Sn0.95Nb0.05)O2:N NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs and [WO3-(Sn0.95Nb0.05)O2:N-
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600]-2 NTs suggests poor photo-electrochemical activity for [WO3-(Sn0.95Nb0.05)O2:N-600]-3 
NTs which can be due to a higher recombination of the photo-generated carriers resulting in 
relatively lower carrier lifetime (discussed later). It is noteworthy that the negative onset 
potential of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs [∼(-0.55 V vs RHE)] suggests that the solar 
energy alone can be used in generating the desired photocurrent density which is then consumed 
for generation of hydrogen from water without the need for any external electrical bias or 
potential. In addition, the more negative onset potential of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
than that of (Sn0.95Nb0.05)O2:N NTs [∼(-0.14 V vs RHE)] indicates that the bilayer strategy is 
indeed a promising and effective strategy in improve the photo-electrochemical activity of 
(Sn0.95Nb0.05)O2:N NTs. The wide band gap of SnO2 along with the recombination of the photo-
generated carriers usually does not allow for achieving such low onset potentials for PEC water 
splitting. The tailoring of the band gap of SnO2 by co-doping with Nb and N and then coupling 
of the Nb and N co-doped SnO2 with WO3 thus, results in this remarkable photo-electrochemical 
behavior as described herein. 
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Figure 66: The linear scan voltammogram (LSV) curves of (Sn0.95Nb0.05)O2:N-600 NTs, 
[WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs in dark and under illumination of 100 mW/cm2 measured in 
0.5 M H2SO4 at 26oC, before and after iRΩ correction 
 
 
 
           The photocurrent density at a finite potential (to overcome over-potential losses) close to 
zero bias,.i.e., ∼0.1 V (vs RHE) in LSV plot (Figure 66) is used for comparison  of the photo-
electrochemical activity of all the semiconductor materials considered in this study. The 
photocurrent density of (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, 
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[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs at ∼0.1 V (vs 
RHE) in the LSV plot is ∼0.56 mA cm-2, ∼1.93 mA cm-2, ∼3.1 mA cm-2 and ∼0.35 mA cm-2 
(Table 10). It can be seen that superior photocurrent density is obtained for [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs with the highest current 
density, obtained for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (comparable to earlier reports254, 255) 
(Table 10) than (Sn0.95Nb0.05)O2:N NTs, which is mainly due to the improved light absorption 
properties (see Figure 62 and Table 10), superior carrier density (Figure 65 and Table 10), 
superior reaction kinetics (discussed later) and efficient separation of photo-generated carriers 
resulting in long carrier lifetime (discussed later). The lower photocurrent density of [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs than that of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs can be due to 
poor reaction kinetics (discussed later) of [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs than that of 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs despite having higher carrier densities as discussed earlier. 
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Table 10: Results of Mott-Schottky analysis, structural and photoelectrochemical 
characterization of (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
Composition  Carrier 
density 
(cm-3) 
VB 
edge 
(eV) 
Band 
gap 
(eV) 
Onset 
potential 
(V vs 
RHE) 
Photocurrent 
density (mA 
cm-2) at ∼0.1 
V (vs RHE) 
Rct 
(Ω.cm2) 
ABPE 
(%) 
at 
~0.6 
V(vs 
RHE) 
Solar to 
hydrogen 
efficiency 
(STH) 
(%) 
(Sn0.95Nb0.05)O2:N-
600 NTs 
4.7×(1022) 1.66 1.99 -0.14 0.56 15.3 3.84 - 
[WO3-
(Sn0.95Nb0.05)O2:N-
600]-1 NTs 
4.95×(1022) - 1.95 -0.4 1.93 11.25 4.53 - 
[WO3-
(Sn0.95Nb0.05)O2:N-
600]-2 NTs 
5.6×(1022) 1.5 1.93 -0.55 3.1 8.05 5.1 3.83 
[WO3-
(Sn0.95Nb0.05)O2:N-
600]-3 NTs 
6.05×(1022) - 1.9 -0.08 0.35 24.9 3.21 - 
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                      The highest photocurrent density obtained in this study for [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs (∼3.1 mA cm-2) is ∼5 fold, ∼1.55 fold and ∼8 fold higher than that 
of (Sn0.95Nb0.05)O2:N NTs (∼0.56 mA cm-2), [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs (∼1.93 mA 
cm-2) and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs (∼0.35 mA cm-2), respectively. It will be useful 
to additionally compare the performance of the composite bilayer system in absence of electrical 
bias in the presence of an electric potential. As is known, the applied bias photon-to-current 
efficiency (ABPE) for the semiconductor materials is calculated using the equation114: 
ABPE = I(1.23-V)×100/Jlight 
 wherein, I is the photocurrent density at the measured potential, V is the applied potential and 
Jlight is the illumination intensity of 100 mW cm-2. The ABPE is typically evaluated under harsh 
operating conditions at the applied potential of ~0.6V (vs RHE, which is the typical potential at 
which highest ABPE is obtained for semiconductor systems reported date based on TiO2, ZnO, 
Fe2O3, etc.64, 76, 114, 176-178). Under the applied bias, the highest ABPE (at ~0.6V vs RHE) of 
~5.1% is obtained for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs which is ~25%,, ~11.2% and ~38% 
higher than that of (Sn0.95Nb0.05)O2:N NTs (~3.84%), [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs 
(~4.53%) and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs (~3.21%), respectively (Table 11). It should 
be noted that the ABPE of ∼5.1% for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (at ~0.6 V vs RHE) is 
the highest ABPE obtained thus far compared to the other semiconductor materials studied for 
PEC water splitting based on TiO2, ZnO and Fe2O3 reported in the open literature to the best of 
our assessment of the widely reported literature to date. 64, 76, 114, 176-178 This higher current 
density and the ABPE achieved is indeed a reflection of the superior electrochemical charge 
transfer (improved reaction kinetics) characteristics displayed by the bilayer composite 
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architecture, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs in comparison to all other materials used in 
this study. 
 
 
 
Table 11: Efficiency of photoelectrochemical water splitting of various photoanode 
materials, reported in the literature 
 
Photoanode material Max. 
ABPE,  
% 
Potential 
at max. 
ABPE    
(V, RHE) 
Onset 
potential                                      
(V, RHE) 
Ref 
N-doped ZnO nanowire 
arrays 
0.15 1.11 0.21 106 
N-doped ZnO 
nanotetrapods 
0.31 0.92 0.41 207 
TiO2:Al nanorod array thin 
film 
0.02 0.5 (vs 
Ag/AgCl) 
0.61 219 
Bent ZnO nanorod 
photoanode 
0.08 0.69 - 220 
Si/ZnO core/shell 
nanowire arrays 
0.38 0.65 (vs 
Ag/AgCl) 
0.11 221 
Hierarchical 
Fe2O3/WOx nanowires 
0.2 0.25 0.01 222 
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Table 11 (continued) 
C-doped ZnO 
porous nanoarchitectures 
0.75 0.91 0.31 110 
Si/TiO2 core/shell 
nanowire arrays 
0.035 1.15 0.36 223 
Fe2O3:Cu 
nanostructured film 
0.28 0.6 (vs 
Ag/AgCl) 
1.44 83 
ZnFe2O4/ZnO 
system 
0.15 1.21 0.51 217 
TiO2-ZnS core-shell 0.38 0.81 0.26 65 
Au coated 3D ZnO 
nanowires 
0.52 0.75 0.3 82 
WO3-
(Sn0.95Nb0.05)O2:N-600 
NTs  
5.1  0.6 -0.55 Present 
work 
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Figure 67: EIS spectra of (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs obtained at 
∼0.1 V (vs RHE) in 0.5 M H2SO4 at 260C in the frequency range of 100 mHz to 100 kHz 
under illumination (100 mW/cm2) 
 
 
 
Electrochemical impedance spectroscopy (EIS) was hence, carried out to determine the 
charge transfer resistance (Rct) and thus, to study the reaction kinetics for all the materials 
considered herein in this study. Rct is determined from the diameter of the low frequency 
semicircle and is tabulated in Table 10. As seen in Figure 67, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 
NTs (∼11.25 Ω.cm2) and [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (∼8.05 Ω.cm2) exhibit lower Rct 
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than the pristine (Sn0.95Nb0.05)O2:N NTs (∼15.3 Ω.cm2) and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
(~24.9 Ω.cm2) which is likely due to the efficient separation of the photo-generated carriers with 
minimum recombination resulting in fast interfacial charge transfer and longer carrier lifetime 
(discussed later) for the composite bilayer, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs in comparison to (Sn0.95Nb0.05)O2:N NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-3 NTs .114, 218, 224, 225 
            The lower Rct for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (∼8.05 Ω.cm2) contrasted 
with [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs (∼11.25 Ω.cm2) can be due to the more efficient 
separation and minimum recombination of the photo-generated carriers resulting in longer carrier 
lifetime (discussed later) for the [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs than [WO3-
(Sn0.95Nb0.05)O2:N-600]-1 NTs.76, 114, 218, 224, 225 However, [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
(∼24.9 Ω.cm2) shows higher Rct than [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs (∼11.25 Ω.cm2), 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (∼8.05 Ω.cm2) and (Sn0.95Nb0.05)O2:N NTs (∼15.3 Ω.cm2), 
which can be due to a higher recombination of the photo-generated carriers resulting in lower 
carrier lifetime (discussed later) for the composite bilayer, [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
than all the other materials described and considered in this study.76, 114, 218, 224, 225 These excellent 
results show the potential of coupling WO3 and (Sn0.95Nb0.05)O2:N-600 in achieving the observed 
superior photo-electrochemical activity, as evidenced and reported in the results herein.  
It is also important to identify the critical losses occurring that limit the attainment of 
high PEC performance and thus, achieving a high solar to hydrogen (STH) efficiency, which will 
also aid in choosing a viable approach in engineering novel semiconductor materials in the 
future. In this study, an incident light of 0.1 W cm-2 is incident on the bilayer composite hetero-
structure. An incident photon conversion efficiency (IPCE) of ~20% is obtained for [WO3-
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(Sn0.95Nb0.05)O2:N-600]-2 NTs (Figure 68) at 500 nm (as it is typically the accepted wavelength 
at which maximum solar irradiance is obtained189). Hence, the contribution of energy from the 
excited carriers for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs is ~5.6 mW cm-2 (absorbed light at 
~500 nm×IPCE=28mW cm-2×20%) (Figure 62 and Figure 68) and thus, the energy that is lost 
in recombination (absorbed light - IPCE) is ~22.4 mW cm-2. Thus, the contribution of energy 
from excited carriers is ~5.6% (of incident light intensity, ~100 mW cm-2) and ~22.4% energy is 
lost in the recombination process. The energy used for overcoming ohmic transfer at 
photoanode/electrolyte interface (I2RΩ) is ~0.146 mW cm-2. Energy used for overcoming 
activation polarization at the photoanode/electrolyte interface (I2Rct) is ~0.077 mW cm-2. 
Similarly, the energy used for overcoming ohmic transfer at the cathode/electrolyte interface 
(HER) is ~0.9 mW cm-2. Energy used for activation polarization at cathode/electrolyte interface 
(HER) is ~0.64 mW cm-2. If overall losses are considered here, ~72% of incident light energy is 
contributing to light absorption losses at 500 nm (Figure 62). Out of ~28% incident light energy 
absorbed (Figure 62), ~5.6 mW cm-2 energy, i.e. with IPCE of 20%,  (~5.6%) is available for 
excited carriers to produce hydrogen gas at the cathode in the PEC cell. Remaining ~22.4% 
absorbed energy is essentially lost in the recombination losses at the defect/trap sites in the 
bilayer-2 material. Out of ~5.6 mW cm-2 energy available for the PEC process, 1.046 mW cm-2 is 
getting lost in ohmic polarization and 0.72 mW cm-2 is getting utilized to overcome the 
activation polarization (,i.e., charge transfer) at the electrode/electrolyte interfaces for both 
cathode and photoanode, respectively. The remaining energy (~3.83 mW cm-2) is thus getting 
used to convert the incident light energy to hydrogen gas with an efficiency of ~3.83% (Figure 
74).  
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Figure 68: IPCE plots for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs under no bias and applied 
0.6V (vs RHE) bias 
 
 
 
Calculated losses limiting PEC performance in the absence of electrical bias for [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs at ~0V: 
─ Incident light energy=100 mW cm-2 
─ Absorbed light (at ~500 nm which is close to the wavelength at which maximum solar 
irradiance is obtained189) (Figure 62) = Light absorption×Incident light energy  
                                                      = 28% × 100 mW cm-2 = 28 mW cm-2 
─ IPCE at ~500 nm = 20% (Figure 68) 
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─ Energy contribution from excited carriers = IPCE × Absorbed light energy = 20% × 28 mW 
cm-2 = 5.6 mW cm-2  
─ Energy lost in recombination process = Absorbed light energy - energy of excited carriers  
                                                             = 28 mW cm-2 - 5.6 mW cm-2  
                                                             = 22.4 mW cm-2 
─ Photoanode/electrolyte interface: 
The photocurrent density (3.1 mA cm-2) at a finite potential (to overcome overpotential losses) 
close to zero bias,.i.e., ∼0.1 V (vs RHE) in LSV plot (Figure 66 and Table 10) is used for the  
following calculations. 
Energy used for ohmic transfer =I2RΩ=(3.1 mA cm-2)2×15.2 Ω.cm2  (Figure 66, Figure 67 and 
Table 10)     
                                                        = 0.146 mW cm-2 
Energy used for charge transfer (activation polarization loss) =I2Rct=(3.1mA cm-2)2×8.05 Ω.cm2= 
0.077 mW cm-2 (Figure 66, Figure 67 and Table 10)  
 
─ Cathode/electrolyte interface: 
The current density (7.7 mA cm-2) at a finite potential of ~30 mV (vs RHE, to overcome 
the overpotential losses) close to 0V (standard potential for HER) in HER polarization plot is 
used for following calculations (see 179 for electrochemical data of Pt). 
Energy used for ohmic transfer=I2RΩ=(7.7 mA cm-2)2×15.25 Ω.cm2 (see 179 for electrochemical 
data of Pt)     
                                                        = 0.9 mW cm-2 
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Energy used for charge transfer (activation polarization loss) =I2Rct=(7.7mA cm-2)2×10.8 Ω.cm2= 
0.64 mW cm-2 (see 179) 
  
Energy contributed from free carriers – Total energy used  
= 5.6 mW cm-2 – (0.146+0.077+0.9+0.64) mW cm-2   
= 3.837 mW cm-2 (close to experimental STH of ~3.83%) 
It should be noted that though the goal is to achieve superior STH at zero applied bias, it 
is important to study the effect of applied bias on the above mentioned losses which limit the 
PEC performance. The losses are studied at the applied potential of ~0.6V (vs RHE), which is 
the typical potential at which highest ABPE is obtained for semiconductor systems based on 
TiO2, ZnO, Fe2O3, etc. 64, 76, 114, 176-178S. Under the applied bias of ~0.6V, incident energy is ~100 
mW cm-2 coming from incident light and ~4.86 mW cm-2 contributed by applied bias 
(Bias=0.6V, I=~8.1 mA cm-2 shown in Figure 72. Thus, the contribution of energy from excited 
carriers for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs is ~8.11 mW cm-2 [(absorbed light at ~500 nm+ 
energy from applied bias)×IPCE= (28 mW cm-2 +4.86 mW cm-2)×24.7%) (Figure 62 and Figure 
68) and thus, the energy that is lost in recombination (absorbed light at ~500 nm - energy from 
excited carriers) is ~19.88 mW cm-2. Energy used for overcoming ohmic transfer at 
photoanode/electrolyte interface (I2RΩ) is ~0.997 mW cm-2. Similarly energy used for 
overcoming activation polarization at the photoanode/electrolyte interface (I2Rct) is ~0.528 mW 
cm-2 . The energy used for ohmic transfer at the cathode/electrolyte interface (HER) is ~0.9 mW 
cm-2. Energy used for activation polarization at cathode/electrolyte interface (HER) is ~0.64 mW 
cm-2. If overall losses are considered under applied bias, ~72% of incident light energy is 
contributing to light absorption losses at 500 nm (Figure 62). Out of ~28% incident light energy 
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absorbed coupled with input power of 4.86 mW cm-2 arising from the applied bias of 0.6V 
(Figure 62), ~8.12 mW cm-2 energy, considering the IPCE of 24.7%,  (~8.12%) is available for 
the excited carriers to produce hydrogen gas at cathode in the PEC cell. Remaining ~19.88% 
absorbed energy is getting lost in recombination losses in the bilayer-2 material. Out of ~8.12 
mW cm-2 energy available for PEC process, 1.897 mW cm-2 is getting lost in ohmic polarization 
and 1.168 mW cm-2 is getting utilized to overcome activation polarization (,i.e., charge transfer) 
at the electrode/electrolyte interfaces at cathode and photoanode. Remaining energy (~5.1 mW 
cm-2) is thus getting used to convert incident light energy to hydrogen gas with an efficiency of 
~5.1% (Table 10). The recombination losses decrease by a commendable ~12% under applied 
bias compared to the case with no applied bias for bilayer-2 system, suggesting the promise of 
bilayer-2 system. The study also suggest that possible further electronic structural modification 
in the bilayer-2 system configuration could likely minimize the losses with no electrical bias 
further offering excellent PEC response. Figure 69 shows a schematic summarizing the various 
processes outlined above. 
Losses limiting PEC performance for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs under applied 
bias (~0.6V vs RHE): 
─ Incident light energy=100 mW cm-2 
─ Absorbed light (at ~500 nm which is close to the wavelength at which maximum solar 
irradiance is obtained189) (Figure 62) = Light absorption×Incident light energy  
                                                      = 28% × 100 mW cm-2 = 28 mW cm-2 
─ IPCE at ~500 nm = 24.7% (Figure 68) 
─ Input power (due to applied bias; see Figure 72) = V × I = 0.6 V × 8.1 mA cm-2 = 4.86 mW 
cm-2 
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─ Energy contribution from excited carriers = (Absorbed light energy+Input power)×IPCE= 
[(28 mW cm-2) + (4.86 mW cm-2)]×24.7% = 8.12 mW cm-2  
─ Energy lost in recombination process = Absorbed light energy - energy of excited carriers  
                                                             = 28 mW cm-2 - 8.12 mW cm-2  
                                                             = 19.88 mW cm-2 
─ Photoanode/electrolyte interface: 
The photocurrent density (8.1 mA cm-2) at ~0.6V (vs RHE) in LSV plot (Figure 66) is used for 
the following calculations. 
Energy used for ohmic transfer =I2RΩ=(8.1 mA cm-2)2×15.2 Ω.cm2  (Figure 66, Figure 67 and 
Table 10)     
                                                        = 0.997 mW cm-2 
Energy used for charge transfer (activation polarization loss) =I2Rct=(8.1mA cm-2)2×8.05 Ω.cm2= 
0.528 mW cm-2 (Figure 66, Figure 67 and Table 10)  
 
─ Cathode/electrolyte interface: 
The current density at a finite potential of ~30 mV (vs RHE, to overcome overpotential 
losses) close to 0V (standard HER potential) in HER polarization plot is used for following 
calculations (see 179 for electrochemical data of Pt). 
Energy used for ohmic transfer=I2RΩ=(7.7 mA cm-2)2×15.25 Ω.cm2 (see 179 for electrochemical 
data of Pt)     
                                                        = 0.9 mW cm-2 
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Energy used for charge transfer (activation polarization loss) =I2Rct=(7.7mA cm-2)2×10.8 Ω.cm2= 
0.64 mW cm-2 (see 179) 
 
Energy contributed from free carriers – Total energy used  
= 8.12 mW cm-2 – (0.997+0.528+0.9+0.64) mW cm-2   
= 5.1 mW cm-2 (close to experimental ABPE of ~5.16%) 
 
 
 
 
Figure 69: Schematic of PEC process showing losses without and with ~0.6V bias 
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           It is important to decrease the light absorption losses (~72%), the recombination losses 
(~22.4% at zero bias and ~19.88% under 0.6V bias) and the consequent polarization losses 
(~1.76% at zero bias and ~3% under 0.6V bias) to achieve high STH (at zero applied bias) and 
ABPE for bilayer-2 system configuration (Figure 69). Hence, it is critical to change the band 
edge levels in the bilayer 2 material configuration considered herein further which will offer 
improved light absorption and also superior band bending at the electrode/electrolyte interface 
aiding the facile transport of the excited carriers through the material. Such facile transport of 
carriers through the bilayer-2 material will offer lower recombination losses and superior PEC 
response with need of minimal or even zero applied bias, resulting in lower recombination and 
polarization losses. This strategy discussed herein can indeed lead to engineering of novel 
semiconductor materials for PEC process which can be likely achieved by the introduction of 
suitable acceptor/donor levels in the band gap of the semiconductor material. These strategies 
can be indeed pursued in the near future. 
 
Study of carrier lifetime 
           To understand the charge transport properties of the bilayer photoanode materials 
in detail, recombination kinetics of the photo-generated carriers is studied by measuring the open 
circuit potential as a function of time under light OFF conditions. When the semiconductor 
material is illuminated with the solar light, the apparent Fermi level shifts to negative potential 
due to the accumulation of photo-generated electrons in the semiconductor material (under open 
circuit conditions).65, 105 When the illumination is turned off, the accumulated electrons are 
discharged in the electrolyte solution as they are scavenged by the redox species in the 
electrolyte solution.65, 105 The recombination of photo-generated carriers is mainly responsible 
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for the sharp decay of the photo-generated electrons.65, 105 The decay in the open circuit potential 
(Voc) gives information about the rate of recombination of the photo-generated carriers in the 
semiconductor material.65, 105 The decay in Voc as function of time is shown in Figure 70. The 
decay was calculated from the slope by considering different points in the corresponding rising 
and saturated segments of the curve, similar to earlier reports 65, 105, 218, 256-260. As seen in Figure 
70, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs (~8.4 mV sec-1) and [WO3-(Sn0.95Nb0.05)O2:N-600]-2 
NTs (~7.7 mV sec-1) exhibit slower Voc decay rate than (Sn0.95Nb0.05)O2:N-600 NTs (~9.6 mV 
sec-1), suggesting  lower recombination of photo-generated carriers in bilayer materials. On the 
other hand, [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs (~12.6 mV sec-1) has a much higher Voc decay 
rate than (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs and [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs, which can be due to the higher thickness of (Sn0.95Nb0.05)O2:N-
600 NTs layer coated on WO3 layer resulting in long transport distance to be traversed by the 
photo-generated carriers resulting in more recombination of the photo-generated carriers, which 
is similar to earlier reports218, 258. The carrier lifetime (τ), which is the average time for which 
photo-generated carriers exist before recombining, is determined using the equation29, 85: 
τ = -(kBT/e) (dVoc/dt)-1 
where, kB is Boltzmann constant, T is the absolute temperature (299 K), e is electron charge. The 
variation of τ with Voc, shown in Figure 71, shows significantly longer carrier lifetime for 
[WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs with the highest 
lifetime seen for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs than that of (Sn0.95Nb0.05)O2:N-600 NTs 
due to a relatively lower recombination rate of photo-generated carriers for the bilayer materials 
(as discussed before) (Figure 70).  
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           However, lower carrier lifetime for [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs than the other 
materials considered in this study can be due to higher recombination kinetics of the photo-
generated carriers due to the larger thickness of (Sn0.95Nb0.05)O2:N-600 NTs layer coated on WO3 
layer offering long transport distance to be covered by the photo-generated carriers, which is 
similar to earlier reports218, 258. The largest carrier lifetime (~140 sec) at (-0.2 V vs RHE which is 
near zero bias and selected following the earlier reports in the literature 65, 105, 218, 256-260) obtained 
in this study for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs plays  an important role in achieving the 
superior photo-electrochemical activity, as seen in Figure 66. These results clearly suggest the 
beneficial role of the optimal bilayer structure, i.e., coupling of (Sn0.95Nb0.05)O2:N-600 NTs with 
WO3 in increasing the carrier lifetime ~20 fold higher (at -0.2 V vs RHE) obtained for [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs compared to (Sn0.95Nb0.05)O2:N-600 NTs (~7 sec at -0.2 V vs 
RHE)   and thus, minimizing the recombination of the photo-generated carriers. This is very 
important in the aim to achieve superior photo-electrochemical performance and thus, yield an 
efficient PEC water splitting process resulting in effective generation of hydrogen. 
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Figure 70: Variation of open circuit potential (Voc) under light ON/OFF conditions with 
time for (Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
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Figure 71: Carrier lifetime (τ) as function of open circuit potential (Voc) for 
(Sn0.95Nb0.05)O2:N-600 NTs, [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs, [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-3 NTs 
 
 
 
Photoelectrochemical stability of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
                        It is important that the semiconductor material exhibits excellent long term photo-
electrochemical stability for achieving continuous, durable and efficient PEC water splitting. In 
order to demonstrate the durability and stability of the semiconductor material, chrono-
amperometry (CA) test has been carried out for 24 h to study the long term photo-
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electrochemical stability of the optimal bilayer composite architecture, [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs under constant illumination in the electrolyte solution. The CA test is thus carried out 
in harsh operating conditions at a constant potential of ∼0.6 V (vs RHE, similar to earlier 
reports114, 261, 262) in 0.5 M H2SO4 solution by illuminating the photoanode (100 mW cm-2) for 24 
h. The CA curve of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs is shown in Figure 72. The very 
minimal loss in photocurrent density (~1%) is seen for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
indicating the excellent long term photo-electrochemical stability of this composite bilayer 
system. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis 
conducted on the electrolyte solution, collected after CA test, did not show presence (~0 ppm) of 
Sn, Nb and W for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (see Table 12). This result essentially 
demonstrates the potential of the [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs system to display 
excellent photo-electrochemical stability in the electrolyte solution under illumination thus 
validating its long term operation in a PEC water splitting cell. The result thus confirms the 
stable and long term use of this system under actual field scale PEC operating conditions. 
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Figure 72: The variation of photocurrent density vs irradiation time in the 
chronoamperometry test of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NT, performed in 0.5 M H2SO4 
solution under a constant potential of ∼0.6 V (vs RHE) at 260C for 24 h under illumination 
(100 mW/cm2) 
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Table 12: Results of ICP analysis on 0.5 M H2SO4 solution after chronoamperometry test of 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
Elements Concentration (ppm) 
Sn 5.1×10-3 ± 0.001 
Nb 4.2×10-3 ± 0.002 
W 6.6×10-3 ± 0.001 
 
 
 
Measurement of evolved H2 and O2 gases under illumination for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 
NTs 
            As mentioned earlier, it is important to achieve efficient hydrogen generation from PEC 
water splitting with utilization of only solar energy without any applied external potential. 
Hence, the optimal configuration of the bilayer composite photoanode of [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs was illuminated for 24 h without any application of external 
potential. The concentration of the resulting H2 and O2 gases evolved during the PEC water 
splitting process at the cathode and photoanode compartments, respectively, has been measured 
after each 1 h time interval. Also, the theoretical concentration of H2 gas is calculated from the 
measured photocurrent by Faraday’s law as76, 114: 
No. of moles of H2 =  =  =  
where, I is the photocurrent density, t is time, F is the Faraday constant (96484.34 C mol-1) and Q 
is the quantity of charge in coulomb. The concentration of evolved H2 and O2 gases, shown in 
Figure 73, shows the measured amount of evolved H2 gas which is closer or comparable to the 
theoretical amount of H2, suggesting ∼100% Faradaic efficiency. If the decomposition of water 
 189 
were to occur in a non-stoichiometric fashion, there will be change in concentration of either H+ 
or OH- ions. However, in this study, the ratio of concentration of generated H2 and O2 gases is 
∼2, as seen in Figure 74 and there was no change observed in the pH of the electrolyte solution 
(∼0) before and after water the splitting reaction. This result thus, shows stoichiometric 
decomposition of water into H2 and O2 is achieved in the present study for [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs. 
 
 
 
 
Figure 73: Theoretical and experimentally measured concentration of H2 gas and 
experimentally measured concentration of O2 gas measured under illumination (100 
mW/cm2) with no applied potential for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NT measured in 0.5 
M H2SO4 solution at 260C for 24 h 
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The ensuing solar-to-hydrogen efficiency (STH) is determined from the measured 
concentration of H2 gas for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs using the equation75-79: 
 
where, nH2 = H2 evolution rate (mol sec-1) 
∆Go =Gibbs free energy for generating one mole of H2 from water (237130 J mol-1) 
P = Total incident power (W cm-2) 
A = Area irradiated by incident light (cm2) 
           The plot of STH vs irradiation time is shown in Figure 74. At the end of 24 h, a minimal 
loss of (~1%) is seen in the STH for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs indicating the 
excellent long term photo-electrochemical stability for continuous hydrogen generation from 
PEC water splitting under acidic conditions. It is noteworthy to mention herein that the STH of 
∼3.83% for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs (with zero applied potential) achieved in the 
current study for the optimal bilayer composite configuration is the highest STH obtained so far 
compared to other semiconductor materials studied as photoanode and reported for PEC water 
splitting to the best of our knowledge. These include systems such as TiO2, ZnO and Fe2O3 to the 
best of our assessment of the widely reported literature to date.64, 76, 114, 176-178 Moreover, the 
efficiency achieved herein is also comparable to the efficiency achieved with artificial leaf based 
on the integration of three junction solar cells and optimized hydrogen- and oxygen-evolution 
catalysts.263 The input power for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs and thus, for H2 
production is ~100 mW/cm2 . The measured H2 concentration is ~60 µmol/h/cm2; 1.2×10-7 
kg/h/cm2) (Figure 74). Thus, required input power for generation of 1 kg H2 is ~833 kWh/kg 
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(for 1 cm2 area), which is higher than DOE target of <43 kWh/kg. Thus, albeit the electricity cost 
(~$0.031/kWh) for the current system ($25.83/kg) is ~20 fold higher than that of DOE target (~$ 
1.33/kg), it is still lower than other semiconductor materials (TiO2, ZnO and Fe2O3) studied for 
PEC water splitting process reported in the literature thus far. There is clearly still much research 
needed but the bilayer system studied herein nevertheless, indeed holds promise on the grounds 
of recommendable PEC performance showing STH of ~3.83% (at zero applied bias) and ABPE 
of ~5.1% (at 0.6V vs RHE) higher than other semiconductor materials (TiO2, ZnO and Fe2O3) 
studied reported in the literature for PEC water splitting process. 
 
 
 
 
Figure 74: Variation of solar-to-hydrogen efficiency (STH) (determined from concentration 
of evolved H2 gas measured under illumination of 100 mW/cm2 with no applied potential as 
shown in Figure 73) vs irradiation time for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
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           The present study clearly demonstrates the superior photo-electrochemical performance of 
the optimal bilayer composite configuration, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs exhibiting 
excellent solar to hydrogen efficiency (STH) of ∼3.83% (with no external potential applied) and 
ABPE of ~5.1% (at 0.6V vs RHE). As discussed earlier, light absorption losses, recombination 
losses and polarization losses mainly limit STH/ABPE and electricity cost for the bilayer system 
(Figure 69). As discussed earlier, recombination losses decrease by a commendable ~12% for 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs under the applied bias of ~0.6V (vs RHE) compared to the 
no bias condition, suggesting promise of the composite bilayer-2 system. Despite these losses, 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs show excellent PEC performance under applied bias with 
recommendable ABPE of ~5.1% (at ~0.6V vs RHE) and STH of ~3.83% (under no bias). Hence, 
[WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs bilayer system is indeed promising and further electronic 
structural modification of bilayer system by changing band edge positions, which can be 
achieved by introduction of suitable acceptor/donor levels (in the band gap), will help in 
lowering the above mentioned losses and thus, likely contribute to achieving high STH (at zero 
applied bias) and superior ABPE (under minimal applied bias) as well as lowering electricity 
cost than DOE target. The superior PEC performance for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
can be attributed to significantly improved light absorption characteristics and superior carrier 
density than (Sn0.95Nb0.05)O2:N-600 NTs and [WO3-(Sn0.95Nb0.05)O2:N-600]-1 NTs (Figure 62, 
Figure 65 and Table 10). In addition, the excellent photo-electrochemical performance obtained 
for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs compared to other materials studied herein can be 
attributed to improved electrochemical charge transfer kinetics (Figure 67) and minimum 
recombination of photo-generated carriers resulting in longer carrier lifetime (~20 fold higher 
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than (Sn0.95Nb0.05)O2:N-600) (Figure 70 and Figure 71). [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
displayed excellent long term photo-electrochemical stability, as seen in the CA test carried out 
under illumination in acidic electrolyte solution for 24 h (Figure 72). The above results thus, 
clearly show that [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs is indeed a promising semiconductor 
material with excellent photo-electrochemical performance and stability displaying a STH of 
∼3.83% reflective of its promise. Further research into this system and overcoming the losses 
discussed earlier could also lead to further improvements in the resultant STH efficiencies. The 
results of the studies described herein are clearly transformational in efficiently producing 
hydrogen by direct utilization of solar energy in an environment friendly manner. Taken 
together, the results clearly represent a major milestone in solving the global energy demand 
with the generation of minimum greenhouse gas emissions. 
 
Conclusions: 
The photoelectrochemical activity of the composite bilayer photoanode [WO3-
(Sn0.95Nb0.05)O2:N-600] NTs is studied in the present work with consideration of different 
thicknesses of (Sn0.95Nb0.05)O2:N-600. The work clearly demonstrates the potential of coupling 
WO3 with (Sn0.95Nb0.05)O2:N-600, which offers excellent optoelectronic properties, improved 
charge transport and longer carrier lifetime with minimum recombination of photogenerated 
carriers (~20 fold higher carrier lifetime for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs than 
(Sn0.95Nb0.05)O2:N-600). This results in excellent photoelectrochemical activity and STH of 
~3.83% and ABPE of ~5.1% (at ~0.6V vs RHE), along with negative onset potential for the 
optimal bilayer materials with the lowest (-0.55 V vs RHE) obtained for [WO3-
(Sn0.95Nb0.05)O2:N-600]-2 NTs. The superior light absorption properties along with significantly 
 194 
improved carrier density (~5.6×1022 cm-3) for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs opens up a 
new territory for this material for different solar energy based applications. An excellent STH of 
∼3.83% (with no external potential applied) and ABPE of ~5.1% (at ~0.6V vs RHE) is obtained 
for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs, which is the highest reported so far compared to other 
photoanode materials like ZnO, Fe2O3 and TiO2, to the best of our knowledge. Accordingly, the 
composite bilayer, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs exhibited excellent long term 
photoelectrochemical stability with very minimal loss in photocurrent density (~1%)in the acidic 
electrolyte solution under illumination. Hence, this work will be important for developing 
photoelectrochemically active and stable semiconductor materials for efficient and economic 
hydrogen generation from PEC water splitting. 
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5.4 Co(Ir) SOLID SOLUTION HER ELECTRO-CATALYST FOR CATHODE 
5.4.1 STRUCTURAL ANALYSIS OF Co1-x(Irx) (x=0.2, 0.3, 0.4) NANOPARTICLES (NPs) 
X-ray diffraction (XRD) study 
The XRD patterns of the chemically synthesized Co1-x(Irx) (x = 0, 0.2, 0.3, 0.4, 1) solid solutions 
are shown in Figure 75. The XRD pattern of pure Co (x=0) shows the expected hcp structure of 
lattice parameters, a= 0.2505 nm, c=0.4071 nm with a molar volume ~6.66 cm3/mol, which is in 
good agreement with the reported literature value.118 The XRD pattern of the pure Ir-NPs 
synthesized by the reduction of H2IrCl6.xH2O, displayed in Figure 75, shows a face centered 
cubic structure (fcc) with a lattice parameter a= 0.3834 nm and a molar volume (Vm) ~8.49 
cm3/mol, which is in good agreement with the literature value.264 On the other hand, prevalence 
of a single phase crystalline fcc solid solution structure is observed for Co1-x(Irx) of x=0.3 and 
0.4, whereas a two–phase mixture of fcc and hcp crystal structure is detected for Co1-x(Irx) 
(x=0.2) (Figure 75Figure 75). The variation of molar volume of fcc-Co1-x(Irx) with Ir content, 
shown in Figure 76 and Table 13, shows a linear increase in molar volume with Ir content 
following the Vegard’s law suggesting the formation of a solid solution of Ir and Co with fcc 
structure. This linear rise in molar volume of Co1-x(Irx) following increase in Ir content can be 
explained as occurring due to the higher atomic radius of Ir (~180 pm) compared to Co (~152 
pm).118 
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Figure 75: The XRD patterns of Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1) nanoparticles in wide angle 
2θ scan 
 
 
 
           It must also be mentioned here that the synthesized Co1-x(Irx) solid solution is stable 
exhibiting the fcc crystal structure in contrast to the expected thermodynamically stable 
equilibrium hcp phase, as evidenced in the Co-Ir binary alloy phase diagram (Figure 77). This 
preponderant stability of the fcc structure over the hcp structure can be explained by the 
allotropic transformation occurring during the refinement of the particle size below a critical 
value, which is mainly governed by the significant contribution of interfacial/surface energy on 
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the total free energy of the nanocrystalline material.265, 266 The particle size of Co1-x(Irx), with 
x=0.3 and 0.4, is ~4 nm (Figure 78 and Figure 79), which is expected to be below the critical 
particle size, wherein the fcc cobalt is known to be stable over the normal equilibrium hcp 
structure due to significant contribution of the interfacial energy thus validating the observed 
experimental result.265, 266 
 
 
 
 
Figure 76: Variation of molar volume of Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1) with iridium 
content 
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Figure 77: Co-Ir binary equilibrium phase diagram 
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Table 13: The lattice parameter, molar volume, and composition determined from 
EDX and XPS analysis of Co1-x(Irx) electrocatalyst 
Compositions 
(x) 
Lattice 
parameter 
(nm) 
Molar 
volume 
(cm3/mol) 
Bulk and surface composition 
by 
EDAX 
(bulk) 
XPS 
(surface) 
0.0 a=0.2505 
c=0.4071 
6.66 - - 
0.2 0.3671 7.02 82.1 at.% Co-
17.9 at.% Ir- 
61.1 at.% Ir- 
38.9 at.% Co 
0.3 0.3692 7.22 71.4 at.% Co-
28.6 at.% Ir 
66.1 at.% Ir- 
33.9 at.% Co 
0.4 0.3712 7.42 62.2 at.% Co-
37.8 at.% Ir 
68.75 at.% Ir- 
31.25 at.% Co 
1.0 0.3834 8.49 - - 
 
 
 
TEM/HR-TEM study 
           The TEM/HRTEM images of Co0.7(Ir0.3), shown in Figure 78, also confirms the 
formation of nanometer sized Co(Ir) particles in the ∼5-9 nm range with a lattice spacing of 
~0.213 nm also corresponding to the (111) inter-planar spacing of the fcc Co(Ir) alloy. Similarly, 
the TEM bright field image along with particle size distribution of Co0.6(Ir0.4), displayed in 
Figure 79, shows nanometer sized particles of the solid solution in the size range ~4-7 nm. The 
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HRTEM image of Co0.6(Ir0.4), shown in Figure 80Figure 80, shows lattice fringes with a spacing 
of ~0.215 nm which corresponds well with the (111) inter-planer spacing of fcc Co(Ir). 
 
 
 
 
Figure 78: The bright field TEM image of Co0.7(Ir0.3) shows the presence of fine 
nanoparticles (∼5-9 nm) with HRTEM image showing lattice fringes with a spacing of 
~0.213 nm 
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Figure 79: The bright field TEM image of Co0.6(Ir0.4) shows the presence of fine 
nanoparticles (∼4-7 nm) 
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Figure 80: The HRTEM image of Co0.6(Ir0.4) shows lattice fringes with a spacing of ~0.215 
nm 
 
 
 
SEM/EDX study 
The SEM image along with EDAX pattern of a representative composition Co0.6(Ir0.4), 
collected in Figure 81, shows the presence of Co and Ir. Quantitative elemental composition 
analysis of the Co1-x(Irx) electro-catalyst of different compositions obtained by EDX confirmed 
that the measured elemental compositions of Co and Ir are in close agreement to the nominal 
composition (Table 13). Chlorine and carbon peaks could not be detected in the EDX spectra of 
all compositions, which indicate that complete removal of chloride ions and carbon (viz. 
stabilizer) has been achieved in the final powder. The elemental x-ray mapping of Co and Ir of 
Co0.6(Ir0.4) (Figure 81) confirms that Co and Ir are homogeneously distributed within the 
particles. 
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Figure 81: SEM micrograph with x-ray maps of Co and Ir and EDX spectrum of 
Co0.6(Ir0.4) 
 
 
 
X-ray photoelectron spectroscopy study (XPS) 
           XPS was conducted on the Co1-x(Irx) electro-catalyst to determine the surface composition 
and the chemical oxidation states of Co and Ir in the alloyed compositions. The XPS spectra of Ir 
and Co of Co1-x(Irx) (x = 0.2, 0.3, 0.4, 1) are shown in Figure 82 and Figure 83, respectively. 
The XPS spectrum for pure Ir shows the presence of Ir 4f5/2 and 4f7/2 peaks corresponding to the 
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zero oxidation state of Ir centered at ∼63.8 eV and ∼60.8 eV, which is consistent with the values 
observed in bulk Ir.267 For Co1-x(Irx) (x=0.2, 0.3 and 0.4), a shift in the Ir 4f5/2 peak maxima by 
∼0.33 eV, ∼0.24 eV and ∼0.22 eV to lower binding energy is observed, which suggests a 
modification in the electronic structure of Ir.268, 269 Similarly, the peak maxima of Ir 4f7/2 peak is 
also shifted by ∼0.28 eV, ∼0.24 eV and ∼0.07 eV to lower binding energy for  Co1-x(Irx) (x=0.2, 
0.3 and 0.4), respectively, which also indicates a modification in the electronic structure of Ir in 
the alloyed structure referring to the ability of electron transitions to occur in Ir in the alloyed 
structure.270-272 
 
 
 
 
Figure 82: The XPS spectra of Co1-x(Irx) (x=0.2, 0.3, 0.4, 1) showing (a) Ir 4f5/2 and 4f7/2 
doublet 
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           Additionally, the XPS spectrum of pure Co portrayed in Figure 83, shows the presence of 
Co 2p1/2 and 2p3/2 peaks at ∼793.25 eV and ∼777.74 eV, corresponding to the zero oxidation state 
of Co. In the case of Co1-x(Irx) (x=0.2), the Co maxima are shifted by ∼0.05 eV and ∼0.06 eV to 
slightly lower binding energy than that of pure Co,273 again suggesting a modification of the 
electronic structure of cobalt referring to the possible ease of electron transitions occurring in 
these systems. Similarly, shift in the Co 2p1/2 peak by ∼0.1 eV and ∼0.2 eV to lower binding 
energy is observed for Co1-x(Irx) (x=0.3 and 0.4), respectively. The maxima of Co 2p3/2  peak is 
also shifted to slightly lower binding energy by ∼0.15 eV and ∼0.2 eV for Co1-x(Irx) (x=0.3 and 
0.4), respectively, which suggests modification in electronic structure of Co and the possible ease 
of electronic transitions in these newly formed alloys.268, 269 Furthermore, the surface atomic ratio 
of Ir/Co and composition, determined by XPS, is 1.57 (39at.% Co-61at.% Ir), 1.95 (34at.% Co-
66at.% Ir) and 2.2 (31at.% Co-69at. %Ir) for Co1-x(Irx) (x=0.2, 0.3, 0.4), respectively, which 
suggests a significant solute (Ir) segregation on the surface of the alloy nanoparticles. The 
surface composition of Co1-x(Irx) determined from XPS analysis is tabulated in Table 13. The 
enrichment of iridium on the surface of the nanocrystalline Co1-x(Irx) metal catalyst over cobalt is 
a result of heat treatment of all the synthesized alloy catalysts in (Ar+6.5% H2) atmosphere at 
2000C. This can be attributed to higher adsorption enthalpy of hydrogen on Ir than Co which 
facilitate segregation of iridium on the catalyst surface.274-276 Similar results have been reported 
for carbon supported Pd-Co core-shell nanoparticles, where surface segregation was observed in 
which Pd migrated from the bulk to the surface forming a thin over-layer, due to heat treatment 
in H2 atmosphere.277 This rearrangement of Pd and Co was attributed to the higher adsorption 
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enthalpy of hydrogen and consequently, stronger affinity of hydrogen on Pd than Co. Similar 
phenomena can therefore be expected to occur in the case of the Co-Ir alloys discussed herein. 
 
 
 
 
Figure 83: The XPS spectra of Co1-x(Irx) (x=0.2, 0.3, 0.4) showing (b) Co 2p1/2 and 2p3/2 
doublet 
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5.4.2 ELECTROCHEMICAL CHARACTERIZATION OF Co1-x(Irx) FOR H2 
PRODUCTION FROM ELECTROLYTIC WATER SPLITTING 
Electrochemical activity for HER in electrolytic water splitting            
           The electrochemical activity of Co1-x(Irx) has been studied using linear scan voltammetry 
in 0.5 M H2SO4 electrolyte solution at 26oC. The iRΩ corrected linear scan voltammogram (LSV) 
curves of Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1), Ti foil (current collector) and Pt/C are shown in 
Figure 84. The values of the onset overpotential and overpotential required to reach 10 mA/cm2, 
20 mA/cm2 and 100 mA/cm2 and current density at (-0.05 V vs RHE) for Co1-x(Irx) (x=0, 0.2, 
0.3, 0.4, 1) and Pt/C in iRΩ corrected LSV plots, are given in Table 14. As shown in Figure 84, 
Ti foil shows poor current density, suggesting that there is no contribution by Ti foil to the 
current density obtained for the other active electro-catalysts rendering it almost inactive in the 
voltage range for HER. Pure Co NPs exhibit an onset overpotential of ∼0.2 V (vs RHE) and poor 
current density at (-0.05 V vs RHE) (∼27 µA/cm2), significantly lower than that of Pt/C (∼17.6 
mA/cm2). This suggests poor electrochemical activity of pure Co NPs for HER. 
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Table 14: Results of electrochemical characterization for HER of Co1-x(Irx) and Pt/C in       
0.5 M H2SO4 at 26oC 
Electro-
catalyst, 
Co1-x(Irx) 
Onset 
overpotential 
(mV, RHE) 
Overpotential (mV, RHE) 
to reach 
Current 
density at   
(-0.05V vs 
RHE) 
(mA/cm2) 
10 
mA/cm2 
20 
mA/cm2 
100 
mA/cm2 
x=0.2 10 67 96 310 5.5 
x=0.3 10 41 49 83 22 
x=0.4 10 39 46 69 29 
Ir (x=1) 50 335 470 >700 0.4 
Pt/C 10 43 51 95 17.6 
 
 
 
           The onset overpotential of pure Ir is ∼50  mV (vs RHE), which is higher than that of Pt/C 
(∼10 mV) (Figure 84 and Table 14). Also, the current density of Ir NPs (∼0.4 mA/cm2) at (-0.05 
V vs RHE) is ~98% lower than Pt/C (∼17.6 mA/cm2), which can be due to ∼40 mV higher onset 
overpotential of Ir NPs than Pt/C (Table 14). The overpotential required for Ir NPs to reach 100 
mA/cm2 is (∼>700 mV) (vs RHE), which is significantly higher than that for Pt/C, which 
requires an overpotential of ∼95 mV (vs RHE; similar to earlier reports 138, 144, 196-202) to reach 
100 mA/cm2, respectively. These results show poor electrochemical activity of pure Co and Ir 
NPs for HER mainly due to higher onset overpotential and the corresponding overpotential 
required to obtain higher current density suggesting poor reaction kinetics (discussed later) for 
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HER, in comparison to Pt/C. The poor electrochemical activity of pure Co and Ir NPs can be due 
to ∆GH* of Co and Ir NPs being more negative (-0.24 eV for Co NPs) and positive (0.07 eV for Ir 
NPs) than 0 eV leading to stronger and weaker Co-H and Ir-H interactions, respectively which is 
discussed in detail later in the theoretical analysis of Co1-x(Irx) solid solution system examined in 
the present study (Section  
A.3).  
           Co1-x(Irx) alloys correspondingly show superior electrochemical activity for HER than 
pure Co NPs and Ir NPs, with an onset overpotential of ∼10 mV (vs RHE), which is similar to 
that of Pt/C (Figure 84 and Table 14). The overpotential required for Co1-x(Irx)  (x=0.2) to reach 
100 mA/cm2 is ∼310 mV (vs RHE), which is higher than that of Pt/C (Table 14). Though the 
onset overpotential of Co1-x(Irx) (x=0.2) is similar to that of Pt/C, ∼69% lower current density for 
Co1-x(Irx) (x=0.2) (∼5.5 mA/cm2 at -0.05 V vs RHE) and higher overpotential required to reach 
100 mA/cm2 than that of Pt/C (∼17.6 mA/cm2 at -0.05 V vs RHE) indicates the poor reaction 
kinetics for the Co1-x(Irx) (x=0.2) alloy compared to that of Pt/C (discussed later). 
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Figure 84: The iRΩ corrected linear scan voltammogram (LSV) curves for HER of Co1-
x(Irx) (x=0.2, 0.3, 0.4) and Pt/C, measured in 0.5 M H2SO4 at 260C at scan rate of 1 mV/sec 
 
 
 
           Co1-x(Irx) (x=0.3) shows even more superior electrochemical activity for HER than Co1-
x(Irx) (x=0.2) and Pt/C exhibiting an overpotential of ∼83 mV (vs RHE) to reach 100 mA/cm2, 
which is lower than that of Pt/C (Table 14). Co1-x(Irx) (x=0.4) also shows excellent 
electrochemical performance for HER with a reduced overpotential of ∼69 mV (vs RHE) to 
reach 100 mA/cm2, much lower than that of Co1-x(Irx)  (x=0.2, 0.3) and Pt/C (Table 14). Also, 
the values of current density of Co1-x(Irx) (x=0.2, 0.3, 0.4) at (-0.05 V vs RHE) are ∼5.5 mA/cm2, 
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∼22  mA/cm2 and ∼29 mA/cm2, respectively, which are ~31%, ~125% and ~165% of that of Pt/C 
(∼17.6 mA/cm2). Additionally, the corresponding current density of the alloys are ∼14, ∼55 and 
∼73 fold higher than that of pure Ir-NPs (∼0.4 mA/cm2) and significantly higher than that of pure 
Co NPs (∼27 µA/cm2) (Table 14). Thus, the current density at (-0.05 V vs RHE) for Co1-x(Irx)  
(x=0.2, 0.3, 0.4) increases with Ir content, which suggests improvement in the reaction kinetics 
with increase in the Ir content in the solid solution system. The excellent electrochemical activity 
of Co1-x(Irx) (x= 0.3, 0.4) compared to Co NPs, Ir NPs and Pt/C, can be attributed to the lower 
overpotential required for the solid solution electro-catalysts to reach 100 mA/cm2 and overall 
improved reaction kinetics, which are superior than that of Co NPs, Ir NPs and Pt/C (discussed 
later). The superior electrochemical activity of the solid solution alloys, Co1-x(Irx) (x=0.2, 0.3, 
0.4) compared to pure Co and Ir NPs can be due to ∆GH* of Co1-x(Irx)  lying between that of pure 
Co and Ir, resulting in facile adsorption and desorption kinetics of hydrogen from the electro-
catalyst surface sites and thus resulting in superior electrochemical activity, as discussed later in 
the theoretical analysis studies section (Section A.3).  
           Though the onset overpotential of Co1-x(Irx) (x= 0.2, 0.3, 0.4) and Pt/C are almost similar, 
the current density of Co1-x(Irx) (x=0.4) is higher than Co1-x(Irx) (x= 0.2, 0.3) and Pt/C, as shown 
in Table 14. This suggests faster reaction kinetics on Co1-x(Irx) (x=0.4) than those on Co1-x(Irx) 
(x=0.2, 0.3) and Pt/C electro-catalysts. The improvement in reaction kinetics of the solid solution 
electro-catalysts, Co1-x(Irx) is important to achieve the superior electrochemical activity 
compared to that of Pt/C. Hence, electrochemical impedance spectroscopy (EIS) has been carried 
out to further study the reaction kinetics to determine the charge transfer resistance (Rct) for all 
the electro-catalysts studied in this work.  
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Electrochemical Impedance spectroscopy (EIS) 
          To understand the reaction kinetics of HER on Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1), EIS was 
conducted to study the charge transfer resistance (Rct) at the electro-catalyst/electrolyte interface 
in acidic medium using 0.5 M H2SO4 as electrolyte solution at 260C at (-0.05V vs RHE). The EIS 
study has also been used to determine the ohmic resistance (RΩ) of Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 
1) and Pt/C, which was further used for iRΩ correction in LSV plots of all electro-catalysts in this 
study. RΩ and Rct of Co1-x(Irx) and Pt/C are obtained by fitting the experimental data with an 
equivalent circuit model RΩ(RctQ1), where RΩ is the resistance contributed by components such 
as the wiring, electrolyte, electro-catalyst and electrode 247, 278; Rct is charge transfer resistance; 
Q1 is the constant phase element representing contribution from the capacitance behavior of the 
catalyst surface.114, 159, 160 The values of RΩ and Rct obtained after fitting the experimental data 
with the equivalent circuit model RΩ(RctQ1) are given in Table 15. Figure 85 and Figure 86 
shows the EIS plots of Co1-x(Irx) (x = 0.2, 0.3, 0.4) along with pure Co NPs, Ir NPs and Pt/C. The 
EIS plots show a well-formed semicircular arc for all the electro-catalysts. The charge transfer 
resistance (Rct) is determined from the diameter of the semicircular arc in the EIS plot and given 
in Table 15. 
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Figure 85: EIS spectra of Co1-x(Irx) (x=0.2, 0.3, 0.4), Ir-NPs and Pt/C obtained at (-0.05V vs 
RHE) in 0.5 M H2SO4 at 260C in the frequency range of 100 mHz to 100 kHz 
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Figure 86: EIS spectra of pure Co NPs obtained at (-0.05V vs RHE) in 0.5 M H2SO4 at 260C 
in the frequency range of 100 mHz to 100 kHz 
 
 
 
           The Rct of pure Co (∼65.4 Ω.cm2) is higher than that of pure Ir NPs (∼30.91 Ω.cm2) and 
Pt/C (∼10.8 Ω.cm2) (Table 15). These results thus show the poor reaction kinetics and thus, poor 
electrochemical activity of pure Co and Ir NPs compared to that of Pt/C. Solid solution electro-
catalysts Co1-x(Irx) (x=0.2, 0.3, 0.4) show lower Rct and thus, improved electrochemical activity, 
in comparison to pure Co and Ir NPs, suggesting synergistic effect of alloying of Co and Ir in 
improving the reaction kinetics of the solid solution electro-catalysts, compared to pure Ir and Co 
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NPs (Table 15). The Rct for Co1-x(Irx) (x=0.2, 0.3, 0.4) decreases with increase in iridium content 
suggesting enhancement in charge-transfer kinetics with increase in iridium content attaining a 
minimum Rct value for Co0.6(Ir0.4) (∼7.39 Ω.cm2). Rct of Co0.7(Ir0.3) (∼8.2 Ω.cm2) and Co0.6(Ir0.4) 
(∼7.39 Ω.cm2) is lower than Co0.8(Ir0.2) (∼22.4 Ω.cm2) and Pt/C (∼10.8 Ω.cm2) suggesting 
improved reaction kinetics and hence, superior electrochemical activity of the two specific 
alloys, Co1-x(Irx) (x=0.3, 0.4) compared to Co1-x(Irx) (x=0.2) and Pt/C. 
 
 
 
Table 15: Results of EIS analysis of Co1-x(Irx) and Pt/C, carried out at (-0.05 V vs RHE) in 
frequency range of 100mHz-100kHz in 0.5 M H2SO4 at 260C and Tafel plot analysis 
Electro-
catalyst, Co1-
x(Irx) 
Rct 
(Ω.cm2) 
Tafel slope 
(mV/dec) 
Exchange 
current density, 
i0 (mA/cm2) 
Co (x=0) 65.4 114 0.08 
x=0.2 22.4 37 0.22 
x=0.3 8.2 30.7 0.4 
x=0.4 7.39 30 0.43 
Ir (x=1) 30.91 63 0.2 
Pt/C 10.8 31.6 0.38 
 
 
 
Possible mechanism of HER on Co1-x(Irx) (x=0.2, 0.3, 0.4) electro-catalysts 
           The Tafel slope is an important parameter characterizing the activity of electro-catalysts, 
related to the possible elementary steps involved in HER inherent to the catalyst material. HER is 
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known to occur on the electro-catalyst surface by two possible mechanisms, i.e., Volmer- 
Heyrovsky mechanism or Volmer- Tafel mechanism, each containing two reaction steps54, 64: 
Volmer- Heyrovsky HER mechanism: 
 Volmer reaction: 
H3O+ + e- +M → MHads + H2O; (Tafel slope ≈ 120 mV 54, 64) 
 Heyrovsky reaction: 
   MHads + H3O+ + e- → H2↑ + H2O + M; (Tafel slope ≈ 40 mV 54, 64) 
or 
Volmer- Tafel HER mechanism: 
Volmer reaction: 
H3O+ + e- +M → MHads + H2O; (Tafel slope ≈ 120 mV 54, 64) 
Tafel reaction: 
   MHads +   MHads → H2↑ + 2M; (Tafel slope ≈ 30 mV 54, 64) 
           The values of Tafel slope and exchange current density (i0) (which give information about 
the inherent kinetics) determined from the Tafel plots for all the electro-catalysts, are given in 
Table 15. The Tafel slope of Co1-x(Irx) (x=0.2, 0.3, 0.4), Pt/C, pure Co and pure Ir, calculated 
from the iRΩ corrected Tafel plots (in 0.5 M H2SO4), are ∼114 mV/dec, ∼37 mV/dec, ∼30.7 
mV/dec, ∼30 mV/dec, ∼63 mV/dec and ∼31.6 mV/dec (similar to earlier reports 144, 196, 198, 201, 
279), respectively, as shown in Figure 87, Figure 88 and Figure 89, respectively. The decrease in 
Tafel slope with increase in Ir content for Co1-x(Irx) shows improvement in electrochemical 
activity with increase in Ir content for Co1-x(Irx). The lower Tafel slope of Co1-x(Irx) (x= 0.3, 0.4) 
contrasted to Co1-x(Irx) (x=0.2), pure Co, pure Ir and Pt/C suggests the superior electrochemical 
activity of Co1-x(Irx) (x= 0.3, 0.4) for HER than Co1-x(Irx) (x=0.2), pure Co, pure Ir and Pt/C. The 
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Tafel slope of Co1-x(Irx) (x= 0.3, 0.4) shows that the HER proceeds through Volmer-Tafel 
reaction, which is also the same for Pt/C 64, 144. The exchange current density (i0) for electro-
catalyst materials is determined by extrapolating the Tafel plots 144, 199. Accordingly, the value of 
i0 for Co1-x(Irx) (x= 0.2, 0.3, 0.4) increases with increase in Ir content, suggesting the 
enhancement in electrochemical activity with increase in Ir content (Table 15). 
 
 
 
 
Figure 87: Tafel plot of Co1-x(Irx) (x=0.2, 0.3, 0.4) and Pt/C, before and after iRΩ correction 
(in 0.5 M H2SO4) 
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It is also noteworthy to observe that i0 for Co1-x(Irx) (x= 0.3, 0.4) corresponding to ∼0.4 
mA/cm2 and ∼0.43 mA/cm2 are ∼6% and ∼14% higher than that of Pt/C (∼0.38 mA/cm2 similar 
to earlier reports199, 201, 202), respectively suggesting the excellent inherent electrochemical 
reaction kinetics of the Co1-x(Irx) (x= 0.3, 0.4) alloys reflecting their superior response than that 
of Pt/C. Co1-x(Irx) (x=0.4) exhibited the lowest Tafel slope and the highest exchange current 
density in acidic media compared to other reported non-noble metals based HER electro-
catalysts to date, to the best of our knowledge 132, 200, 280, 281. The lower Tafel slope and higher i0 
of Co1-x(Irx) (x= 0.3, 0.4) compared to pure Co and pure Ir suggests the synergistic effect of 
alloying of Ir with Co aiding in the modification of the electronic structure of Co which is also 
seen in the XPS analysis (Figure 82 and Figure 83) exhibiting the excellent electrochemical 
activity compared to pure Co and pure Ir. These results thus suggest the excellent 
electrochemical activity of Co1-x(Irx) (x= 0.3, 0.4), indicating their superior electrochemical 
response for HER compared to Pt/C. 
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Figure 88: Tafel plot of Co-NPs, before and after iRΩ correction (in 0.5 M H2SO4) 
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Figure 89: Tafel plot of Ir-NPs, before and after iRΩ correction (in 0.5 M H2SO4) 
 
Electrochemical stability test 
            The electrochemical stability of  Co1-x(Irx) (x=0.3, 0.4) electro-catalysts was studied by 
conducting chronoamperometry (CA) test for 24 h at a constant potential of (-0.05 V vs RHE). 
The CA curves of Co1-x(Irx) (x=0.3, 0.4) are shown in Figure 90, alongside that of Pt/C. A 
negligible loss in current density is observed for the two specific alloys, Co1-x(Irx) (x=0.3, 0.4), as 
well as, Pt/C, suggesting the superior electrochemical stability of Co1-x(Irx) (x=0.3, 0.4), similar 
to that of Pt/C. and also to Ni2P (reported in 137) which has been recently identified as a 
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promising HER electro-catalyst as replacement of Pt with its superior electrochemical activity 
and long term stability in highly aggressive acidic conditions 136, 137. The ICP analysis of 
electrolyte solution collected after 24 h of electrochemical testing does not indicate any Ir to 
have leached out from the electro-catalyst, whereas minimal (∼0.01 ppm) Co was detected in the 
electrolyte solution for both Co1-x(Irx) (x=0.3, 0.4) alloys. These results thus show the excellent 
electrochemical stability of the Co1-x(Irx) (x=0.3, 0.4) alloys similar to that of Pt/C. 
 
 
 
 
Figure 90: The variation of current vs time in the chronoamperometry test of Co1-x(Irx) 
(x=0.3, 0.4) and Pt/C, performed in a 0.5 M H2SO4 solution under a constant potential of (-
0.05V vs RHE) at 260C for 24 h 
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5.4.3 ELECTROCHEMICAL CHARACTERIZATION OF Co1-x(Irx) (x=0.3, 0.4) IN PEC 
WATER SPLITTING CELL  
           Following the excellent electrochemical activity exhibited by Co1-x(Irx) (x=0.3, 0.4) for 
HER superior to that of the state of the art Pt/C in electrolytic water splitting, the solid solution 
electro-catalysts have also been studied as electro-catalyst for HER in photoelectrochemical 
water splitting system, using (Sn0.95Nb0.05)O2:N-600 NTs as photoanode/working electrode based 
on our earlier studies 76. As mentioned earlier, in the previous study on (Sn0.95Nb0.05)O2:N-600 
NTs as photoanode, a maximum applied bias photon-to-current efficiency (ABPE) of ∼4.1% was 
obtained at applied potential of ∼0.75V (vs RHE) using Pt wire as the counter electrode. Hence, 
in this study, chronoamperometry was conducted for (Sn0.95Nb0.05)O2:N-600 NTs (working 
electrode/photoanode) under illumination (100 mW/cm2) by applying a constant potential of 
∼0.75V (vs RHE) for an extended period of time (24 h) using Co1-x(Irx) (x=0.3, 0.4) as the 
cathode electro-catalysts. After each 1 h interval, the amount of generated H2 gas (at cathode) 
was measured by using a gas chromatograph (helium as the carrier gas, Agilent 7820A), which 
was further used for determination of ABPE. For comparison, ABPE was also determined for 
Pt/C as the cathode electro-catalyst, using same protocol followed for Co1-x(Irx) (x=0.3, 0.4).             
          The amount of H2 obtained as a function of irradiation time using Co1-x(Irx) (x=0.3, 0.4) 
alloys and Pt/C, as cathode electro-catalysts, are shown in Figure 91, respectively. At the end of 
24 h, the amount of H2 gas generated for Co1-x(Irx) (x=0.3, 0.4) is ∼210 µmol/h/cm2 and ∼291 
µmol/h/cm2, respectively, which is correspondingly ∼40% and ∼93% higher than that of Pt/C 
 223 
(∼151 µmol/h/cm2). The higher yield of H2 gas generated by using Co1-x(Irx) (x=0.3, 0.4) alloys 
compared to Pt/C can be attributed to the improved reaction kinetics, as seen in the EIS analysis 
(Figure 85 and Table 15), Tafel analysis (Figure 87 and Table 15Table 15) and thus, excellent 
electrochemical activity for HER. 
 
 
 
 
Figure 91: Amount of H2 evolved as a function of irradiation time for Co1-x(Irx) (x=0.3, 0.4) 
and Pt/C as cathode electro-catalyst for HER and (Sn0.95Nb0.05)O2:N-600 NTs as 
photoanode/working electrode, obtained in 0.5 M H2SO4 solution at 26oC under 
illumination (100 mW/cm2) 
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The applied bias photon-to-current efficiency (ABPE) was determined using the equation 75, 77-79: 
 
where, nH2 = H2 evolution rate (mol/sec) 
∆Go =Gibbs free energy for generating one mole of H2 from water (237130 J/mol) 
P = Total incident power (W/cm2) 
A = Area irradiated by incident light (cm2) 
I = Photocurrent (A) 
V = Bias voltage applied (0.75 V vs RHE) to (Sn0.95Nb0.05)O2:N-600 NTs (photoanode) 
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Figure 92: Applied bias photon-to-current efficiency (ABPE) as a function of irradiation 
time for Co1-x(Irx) (x=0.3, 0.4) and Pt/C as cathode electro-catalyst for HER and 
(Sn0.95Nb0.05)O2:N-600 NTs as photoanode/working electrode, obtained in 0.5 M H2SO4 
solution at 26oC under illumination (100 mW/cm2) 
 
 
 
           The plot of ABPE as function of irradiation time is shown in Figure 92.  At the end of 24 
h, the ABPE obtained using Co1-x(Irx) (x=0.3, 0.4) is ∼5.74% and ∼7.92%, which is ∼40% and 
∼93% higher than that of Pt/C (∼4.1%), respectively. This increased ABPE achieved for Co1-
x(Irx) (x=0.3, 0.4) can be attributed to improved reaction kinetics and superior electrochemical 
activity leading to a higher H2 yield, than that of Pt/C. Also, it is important to note that the ABPE 
of ∼5.74% and ∼7.92% obtained using Co1-x(Irx) (x= 0.3, 0.4) as cathode electro-catalyst and 
(Sn0.95Nb0.05)O2:N-600 NTs as the photoanode in a H-type PEC water splitting cell is the highest 
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ABPE obtained so far to the best of our knowledge of the reported literature to date, compared to 
other semiconductor materials studied as photoanode for PEC water splitting based on TiO2, 
ZnO and Fe2O3.64, 114, 176-178 These excellent results thus show the potential of the reduced noble 
metal containing electro-catalysts, Co1-x(Irx) (x= 0.3, 0.4), for hydrogen production from 
photoelectrochemical water splitting, which can be indeed attributed to its unique electronic 
structure obtained by alloying of Co with Ir to form the Co(Ir) solid solution, which exhibts 
excellent reaction kinetics with low polarization resistance and superior electrochemical activity 
(as seen in LSV curves, EIS and Tafel plot analysis displayed in Figure 84, Figure 85, Figure 
87, Table 14 and Table 15). 
 
Conclusions: 
           The present study demonstrates single phase solid solution of Co1-x(Irx) (x=0.3, 0.4) 
possessing the fcc-structure exhibiting superior reaction kinetics and excellent electrochemical 
activity for HER with onset overpotential of 10 mV (vs RHE), identical to that of Pt/C and lower 
overpotential to reach current density of 10 mA/cm2, 20 mA/cm2 and 100 mA/cm2 than that of 
Pt/C in acidic media which is in fact the lowest obtained so far compared to other reported non-
noble metals based HER electro-catalysts, to the best of our knowledge.. The Co1-x(Irx) alloys 
correspondingly also exhibit excellent electro-catalytic performance as cathode electro-catalyst 
for HER in photo-electrochemical water splitting system using (Sn0.95Nb0.05)O2:N-600 NTs as 
photoanode. The ABPE obtained using Co1-x(Irx) (x=0.3, 0.4) is ∼5.74% and ∼7.92%, which is 
∼40% and ∼93% higher than that of Pt/C (∼4.1%) at the end of 24 h, respectively. Moreover, the 
ABPE of ∼7.92% obtained using Co1-x(Irx) (x=0.4) is the highest ABPE attained so far compared 
to other semiconductor materials studied as photoanode for PEC water splitting, related to TiO2, 
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ZnO and Fe2O3, to the best of our knowledge of the known literature. Co1-x(Irx) (x=0.3, 0.4) also 
display excellent long term electrochemical stability in acidic media, similar to Pt/C. Hence, the 
present study demonstrates Co1-x(Irx) (x=0.3, 0.4) solid solution electro-catalysts as potential 
candidates for replacement of Pt/C for H2 production from electrolytic and photoelectrochemical 
water splitting reactions, due to their excellent electrochemical performance and stability. 
Consequently, we believe the results of these studies will go a long way in the ultimate aim of 
achieving efficient and economic hydrogen generation to address the global energy crisis. 
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5.5 (Cu0.83Co0.17)3P:S HER ELECTRO-CATALYST FOR CATHODE 
5.5.1 STRUCTURAL CHARACTERIZATION OF PURE Cu3P NANOPARTICLES 
(NPs), (Cu0.83Co0.17)3P NPs AND (Cu0.83Co0.17)3P:x at.% S NPs (X=10, 20, 30) 
X-ray diffraction (XRD) study 
             The XRD pattern of the pure Cu3P NPs (Figure 93) synthesized by heat treatment of 
CuCl2.2H2O and NaH2PO2.xH2O in UHP-argon atmosphere at 250oC and subsequent water-wash 
shows a hexagonal structure (JCPDS card no: 71-2261) with lattice parameters, a=b=0.6959 nm, 
c=0.7413 nm and a molar volume (Vm) ~31.2 cm3 mol-1, which is in good agreement with the 
literature value.282 The XRD patterns of (Cu0.83Co0.17)3P NPs and (Cu0.83Co0.17)3P:S NPs of 
different S concentration, shown in Figure 93, show peaks corresponding to single phase 
hexagonal structure similar to that of Cu3P without any other peaks of undesired secondary 
phase. This suggests incorporation of Co and S in lattice of Cu3P for (Cu0.83Co0.17)3P:S NPs of 
different composition. The lattice parameters and molar volume of (Cu0.83Co0.17)3P NPs and 
(Cu0.83Co0.17)3P:S NPs of different S concentration (calculated using the least square refinement 
technique) are given in Table 16.  
           The lattice parameters and molar volume of (Cu0.83Co0.17)3P NPs are slightly lower than 
that of pure Cu3P NPs which can be due to the smaller ionic radius of cobalt ion than that of 
copper ion.168 However, there is a slight increase in the lattice parameters and molar volume of 
(Cu0.83Co0.17)3P:S NPs in comparison to pure Cu3P NPs and (Cu0.83Co0.17)3P NPs. The lattice 
parameters and molar volume of (Cu0.83Co0.17)3P:S NPs increase slightly with increase in S 
concentrations indicating the slight lattice expansion upon incorporation of S which is similar to 
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earlier reports.283, 284 The TEM bright field image of (Cu0.83Co0.17)3P:30S NPs, shown in Figure 
94, shows nanoparticles in the range ~7-10 nm. 
 
 
 
 
Figure 93: The XRD patterns of pure Cu3P nanopartciles (NPs), (Cu0.83Co0.17)3P NPs and 
(Cu0.83Co0.17)3P:S NPs of different S concentration in wide angle 2θ scan 
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Figure 94: The bright field TEM image of (Cu0.83Co0.17)3P:30S NPs 
 
 
 
SEM/EDX study 
          The SEM image along with the EDX pattern of the same representative composition 
(Cu0.83Co0.17)3P:30S NPs, is shown in Figure 95. The EDX pattern confirms the presence of Cu, 
Co, S and P in (Cu0.83Co0.17)3P:30S NPs (Figure 95). The quantitative elemental composition 
analysis (from EDX) of (Cu0.83Co0.17)3P:30S NPs shows the measured elemental composition of 
Cu, Co, S and P to be close to the nominal composition (Figure 95).  Elemental x-ray maps of 
Cu, Co, S and P, shown in Figure 96, indicates a homogeneous distribution of elements in the 
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representative composition of (Cu0.83Co0.17)3P:30S NPs with no evidence of of any segregation at 
any specific site. 
 
 
 
 
Figure 95: SEM micrograph with EDX spectrum of (Cu0.83Co0.17)3P:30S NPs 
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Figure 96: Elemental x-ray maps of (Cu0.83Co0.17)3P:30S NPs 
 
 
 
X-ray photoelectron spectroscopy (XPS) 
           Chemical oxidation states of Cu, Co, S and P were also studied using x-ray photoelectron 
spectroscopy (XPS) analysis performed on NPs of pure Cu3P and (Cu0.83Co0.17)3P:30S NPs, 
respectively. The XPS spectrum in the Cu 2p3/2 region for pure Cu3P NPs shows a peak ∼932.9 
eV (Figure 97), which is similar to earlier report.168 The XPS spectrum in the P 2p region for 
pure Cu3P NPs, shown in Figure 98, shows two peaks at ∼129.5 eV and ∼133.8 eV. The peak at 
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∼932.9 eV in the Cu 2p3/2 region and the peak at ∼129.5 eV correspond to binding energies of Cu 
and P in pure Cu3P NPs.168, 285 The peak at ∼133.8 eV in the P 2p region corresponds to oxidation 
of P related to presence of (PO43-) forming possibly owing to air exposure during handling of 
pure Cu3P NPs (Figure 98).21 It is noteworthy to note that the peak at ∼932.9 eV in the Cu 2p3/2  
region of pure Cu3P NPs reflects higher binding energies than that of metallic Cu (∼932.6 eV)286 
and the peak at ∼129.5 eV in P 2p region of pure Cu3P NPs is at a lower binding energies than 
that of elemental P (∼130.2 eV)285, respectively. This indicates presence of Cu (metal centers) 
with positive partial charge (δ+) and P (pendant bases) with negative partial charge (δ-) close to 
metal center and thus, suggesting transfer of electrons from Cu to P and modification of the 
charge density of Cu and P in pure Cu3P NPs.138 There is also a positive shift of ∼0.5 eV seen in 
peak in the Cu 2p3/2 region for (Cu0.83Co0.17)3P:30S NPs, which can possibly be due to transfer of 
electrons from Cu to S and correspondingly, modification of the charge density of 
phosphosulfide (Figure 97).284 The XPS spectrum of (Cu0.83Co0.17)3P:30S NPs in the P 2p region 
shows only one peak at ∼129.5 eV corresponding to P in Cu3P285 or CoP287 (Figure 98). 
However, the peak corresponding to oxidized P (at ∼133.8 eV which is seen for pure Cu3P as 
discussed earlier) arising due to air exposure of the phosphide material during handling is absent 
for (Cu0.83Co0.17)3P:30S NPs (Figure 98) which can be due to likely stabilization of phosphide 
towards oxidation following the incorporation of S in the phosphide (as also seen earlier21, 287). 
The exact reason is unknown at present warranting further study. 
           The XPS spectrum in the Co 2p3/2 region for (Cu0.83Co0.17)3P:30S NPs, shown in Figure 
99, shows a peak at ∼779.5 eV (which corresponds to Co in CoP141) is shifted by ∼0.3 eV to 
higher binding energy than that of the typical peak (at ∼779.2 eV) in the Co 2p3/2 region of 
CoP141, which can be due to transfer of electrons from Co to S.284 The peak at ∼779.5 eV in Co 
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2p3/2 region of (Cu0.83Co0.17)3P:30S NPs (Figure 99) is also at higher binding energies than that 
of metallic Co (∼778.4 eV)141 and the peak at ∼129.5 eV in the P 2p region of 
(Cu0.83Co0.17)3P:30S NPs (Figure 98) is at lower binding energies than that of elemental P 
(∼130.2 eV)285, respectively. Similar to the discussion above for pure Cu3P NPs, this also 
suggests the presence of Co (metal centers) with positive partial charge (δ+) and P and S 
(pendant bases) with negative partial charge (δ-) close to metal center and thus, implying transfer 
of electrons from Co to P and S in (Cu0.83Co0.17)3P:30S NPs and possible modification of the 
resulting charge density.  
           The XPS spectrum of (Cu0.83Co0.17)3P:30S NPs in the S 2p region (Figure 100) shows one 
peak at ∼161 eV corresponding to the sulfide (S2-) showing no presence of any oxidized sulfur 
species such as sulfate (whose peak appears in S 2p3/2 region at ∼168 eV).288, 289 The proton 
relays are incorporated in a metal complex electro-catalyst for HER arising from the pendant 
acid-base groups which are present close to the metal center where the HER is known to 
occur.138, 290, 291 The active sites for metal complex hydrogenase enzyme also have pendant bases 
which are close to the metal centers.138, 292 The (Cu0.83Co0.17)3P:30S NPs considered in this study 
exhibit metal centers Cu, Co (δ+) and pendant bases P, S (δ-) positioned close to the metal 
centers.138 Thus, (Cu0.83Co0.17)3P:30S NPs considered herein is expected to exhibit hydrogen 
evolution mechanism for HER similar to that of the metal complex hydrogenase enzyme 
reported.138 Accordingly, Cu, Co and P, S in (Cu0.83Co0.17)3P:30S NPs can offer hydride-acceptor 
and proton-acceptor centers, respectively.138 These results collectively thus, show modification 
of the electronic structure of Cu3P due to incorporation of Co and S into the lattice of the parent 
phosphide, Cu3P which can likely result in a more catalytically active phase offering superior 
electrochemical response compared to that of pure Cu3P NPs. 
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Figure 97: The XPS spectra of pure Cu3P NPs and (Cu0.83Co0.17)3P:30S NPs in the Cu 2p3/2 
region 
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Figure 98: The XPS spectra of pure Cu3P NPs and (Cu0.83Co0.17)3P:30S NPs in the P 2p 
region 
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Figure 99: The XPS spectra of pure Cu3P NPs and (Cu0.83Co0.17)3P:30S NPs in the Co 2p3/2 
region 
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Figure 100: The XPS spectra of pure Cu3P NPs and (Cu0.83Co0.17)3P:30S NPs in the S 2p 
region 
 
 
 
5.5.2 ELECTROCHEMICAL CHARACTERIZATION OF (Cu0.83Co0.17)3P NPs AND 
(Cu0.83Co0.17)3P:x at.% S NPs (X=10, 20, 30) COMPOSITIONS FOR HER IN 
ELECTROLYTIC WATER SPLITTING 
           The electrochemical activity of Cu3P, (Cu0.83Co0.17)3P and (Cu0.83Co0.17)3P:S NPs of 
different S concentration has been studied by performing linear scan voltammetry in 0.5 M 
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H2SO4 electrolyte solution at 26oC using a total loading of 0.7 mg cm-2. The iRΩ corrected LSV 
curves of commercial Pt/C (Pt loading=0.4 mgPt cm-2) and Ti foil (current collector) are shown in 
Figure 101. The Ti foil (current collector) as expected shows very poor electrochemical activity 
for HER and thus, has minimal contribution to the current density obtained in comparison to 
other active electro-catalysts used in this study.  
 
 
 
 
Figure 101: The iRΩ corrected linear scan voltammogram (LSV) curves for HER of pure 
Cu3P NPs (total loading=0.7 mg/cm2), (Cu0.83Co0.17)3P NPs (total loading=0.7 mg/cm2), 
(Cu0.83Co0.17)3P:S NPs of different S concentration (total loading=0.7 mg/cm2), Ti foil 
(current collector) and commercial Pt/C (Pt loading=0.4 mgPt/cm2), obtained in 0.5 M 
H2SO4 electrolyte solution at 26oC using scan rate of 1 mV/sec 
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           The onset of HER starts at ∼80 mV (vs RHE) for (Cu0.83Co0.17)3P NPs which is lower than 
that of pure Cu3P NPs (∼190 mV vs RHE that is similar to earlier report168) (Table 16). This 
clearly suggests a reduction in the reaction polarization159, 293 due to the incorporation of cobalt 
into the Cu3P lattice which is in agreement with the results of theoretical study discussed later 
(Section A.4 (Cu0.83Co0.17)3P:S HER ELECTRO-CATALYST FOR CATHODE). Following 
incorporation of sulfur for all the compositions considered in the current study, the NPs of the 
(Cu0.83Co0.17)3P:S system all show excellent performance for HER with an onset overpotential of 
∼10 mV (vs RHE).  This response is not only similar to that of commercial Pt/C (Figure 101 and 
Table 16) but also significantly lower than that of pure Cu3P NPs (∼190 mV vs RHE). Thus, 
simultaneous incorporation of S and Co into the Cu3P lattice offers significant reduction in the 
onset overpotential of HER to the extent of ∼180 mV (significantly reduced reaction 
polarization) and also offers reaction polarization similar to that of commercial Pt/C (similar 
onset overpotential). These results correlate well with results of theoretical study (discussed 
earlier) which predicts a minimum reaction polarization for (Cu0.83Co0.17)3P:S than that of pure 
Cu3P, due to the modification of the electronic structure following the simultaneous 
incorporation of Co and S into the Cu3P lattice. It is also important to note that the onset 
overpotential for HER (∼10 mV vs HER) obtained in this study for (Cu0.83Co0.17)3P:30S NPs is 
the lowest onset overpotential obtained for HER thus far in the published open literature to date, 
compared to other reported non-noble metals based HER electro-catalysts, to the best of our 
knowledge (Table 17). This shows the excellent promise of Co and S acting as effective dopants 
in improving the electrochemical activity of the parent phosphide, Cu3P.  
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Table 16: Results of structural and electrochemical characterization for HER of pure Cu3P 
NPs (total loading=0.7 mg/cm2), (Cu0.83Co0.17)3P NPs (total loading=0.7 mg/cm2), 
(Cu0.83Co0.17)3P:S NPs (total loading=0.7 mg/cm2) and Pt/C (Pt loading=0.4 mgPt/cm2) in 0.5 
M H2SO4 electrolyte solution at 260C 
Electro-catalyst  Lattice 
parameter 
(nm) 
Molar 
volume 
(cm3/m
ol) 
Onset 
potenti
al (mV, 
RHE) 
Overpotential (mV, RHE) 
to reach 
Current 
density 
at   (-
0.05V) 
(mA/cm2
) 
Rct 
(Ω.cm2) 
10 
mA/cm
2 
20 
mA/cm
2 
100 
mA/cm
2 
Cu3P a=b=0.6959, 
c=0.7413 
31.20 190  519 813 >1048 0.01 65.29 
(Cu0.83Co0.17)3P a=b=0.6958, 
c=0.7411 
31.19 80 237 363 >809 0.085 31.3 
(Cu0.83Co0.17)3P:1
0S 
a=b=0.696, 
c=0.7414 
31.22 
 
10 97 155 >567 3.19 21.29 
(Cu0.83Co0.17)3P:2
0S 
a=b=0.6962, 
c=0.7415 
31.24 10 52 70 185 8.67 10.31 
(Cu0.83Co0.17)3P:3
0S 
a=b=0.6963, 
c=0.7417 
31.26 10 46 58 115 17.2 7.00 
Pt/C - - 10 43 51 95 17.6 6.32 
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           Nanoparticles (NP) of (Cu0.83Co0.17)3P exhibit current density of ∼0.085 mA cm-2 at (-0.05 
V vs RHE, which is a finite potential required to overcome overpotential losses near 0V, 
standard potential of HER), the standard representative potential selected following literature 
reports for measuring electrochemical activity for HER 138, 144, 179, 196-202. which is eight-fold 
higher than that of pure Cu3P NPs (∼0.01 mA cm-2) (Figure 101 and Table 16). Additionally, 
(Cu0.83Co0.17)3P NPs show an overpotential of (>809 mV) (vs RHE) to reach a current density of 
100 mA cm-2 which is lower than that of pure Cu3P NPs showing an overpotential of (>1048 
mV) (vs RHE) to reach the current density of 100 mA cm-2, respectively (Figure 101 and Table 
16). This improvement in overpotential is mainly due to ∼110 mV lower onset overpotential 
(lower reaction polarization) and improved reaction kinetics (lower activation polarization159, 293, 
also confirmed by the Electrochemical Impedance Spectroscopy (EIS) analysis discussed later) 
of (Cu0.83Co0.17)3P NPs (onset overpotential =∼80 mV vs RHE) than that of pure Cu3P NPs (onset 
overpotential =∼190 mV vs RHE) (Figure 101 and Table 16). However, despite this 
improvement, the current density of the (Cu0.83Co0.17)3P NPs at (-0.05 V vs RHE) (∼0.085 mA 
cm-2) is ∼99.5% lower than that of Pt/C (∼17.6 mA cm-2) and correspondingly, the overpotential 
required to reach the current density of 100 mA cm-2 is higher than that of commercial Pt/C 
which shows an overpotential of ∼95 mV (vs RHE, similar to earlier reports138, 144, 196-202) to 
reach the identical current density of 100 mA cm-2, respectively (Figure 101 and Table 16). This 
is mainly due to ∼70 mV higher onset overpotential (higher reaction polarization) and poor 
reaction kinetics (higher activation polarization, also confirmed further similarly, by EIS analysis 
discussed later) of (Cu0.83Co0.17)3P NPs than that of commercial Pt/C (Figure 101 and Table 16).              
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           It is also important to note that the NPs in the (Cu0.83Co0.17)3P: S system exhibit almost 
two-orders of magnitude higher current density at (-0.05 V vs RHE) than that of pure Cu3P NPs 
and the Co doped phosphide, (Cu0.83Co0.17)3P NPs (Figure 101 and Table 16). This result is 
indeed in agreement with the results of the theoretical study (as discussed later in (Section A.4) 
and is a reflection of the significant reduction in reaction polarization (lower onset overpotential) 
and possibly lower activation polarization (improved reaction kinetics, again similarly confirmed 
by EIS analysis discussed later) for (Cu0.83Co0.17)3P:S than that of pure Cu3P. The current density 
at (-0.05 V vs RHE) for the NPs of the (Cu0.83Co0.17)3P: S system increases with increase in S 
dopant concentration with the highest current density value obtained for (Cu0.83Co0.17)3P:30S 
NPs (∼17.2 mA cm-2) (Figure 101 and Table 16). In addition, the overpotential required to reach 
the current density of 100 mA cm-2 for all of the sulfur doped (Cu0.83Co0.17)3P:S NPs decreases 
with increase in S concentration with the lowest value of 105 mV obtained for 
(Cu0.83Co0.17)3P:30S NPs (Figure 101 and Table 16). Thus, despite the onset overpotential of 
(Cu0.83Co0.17)3P:S NPs of different S concentration being same (∼10 mV vs RHE), the increase in 
electrochemical activity of the sulfur doped (Cu0.83Co0.17)3P:S NPs with increase in S 
concentration with the highest activity displayed by (Cu0.83Co0.17)3P:30S NPs indicates 
improvement in reaction kinetics (decrease in activation polarization) with increase in S 
concentration with the highest (lowest activation polarization) obtained for (Cu0.83Co0.17)3P:30S 
NPs (which is confirmed using EIS analysis discussed later). The sulfur doped composition of 
(Cu0.83Co0.17)3P:30S NPs show a current density of ∼17.2 mA cm-2 at (-0.05 V vs RHE) and 
overpotential of ∼105 mV (vs RHE) to reach the current density of 100 mA cm-2, which is almost 
comparable to that of Pt/C (Figure 101 and Table 16). Thus, the sulfur doped composition of 
(Cu0.83Co0.17)3P:30S NPs display outstanding electrochemical performance for HER, almost 
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comparable to that of commercial Pt/C (Figure 101 and Table 16) which is due to similar 
reaction polarization (similar onset overpotential) and similar activation polarization (similar 
reaction kinetics, confirmed by EIS analysis discussed later) for (Cu0.83Co0.17)3P:30S NPs and 
commercial Pt/C. It is noteworthy that the overpotential of ∼105 mV (vs RHE) shown by 
(Cu0.83Co0.17)3P:30S NPs to reach current density of 100 mA cm-2 in acidic media in this study is 
the lowest obtained so far compared to other reported non-noble metals based HER electro-
catalysts, to the best of our knowledge (Table 17). 
           The above results clearly suggest that the introduction of Co and S as co-dopants in the 
Cu3P lattice offer a synergistic alteration of the electronic, atomic/molecular structure (which is 
in agreement with results of the theoretical study) leading to excellent electrochemical 
performance for HER, almost comparable to that of commercial Pt/C. 
 
 
 
Table 17: Comparison of HER performance of (Cu0.83Co0.17)3P:30S NPs with other 
reported non-noble metals based HER electro-catalysts in acidic media 
Electro-catalyst Condition Onset 
potenti
al, η 
(mV, 
RHE) 
Tafel 
slope 
(mV  
dec-1) 
Current 
density 
(j, mA 
cm-2) 
η at the 
correspo
nding j 
(mV) 
Ref. 
Double- gyroid 
MoS2/FTO 
0.5M H2SO4 150-
200 
50 2 190 294 
10 230 
CoSe2 NP/CP 0.5M H2SO4 - 42.1 10 139 131 
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Table 17 
(continued) 
100 184 
MoS3 particles 1M H2SO4 100 54 2 190 295 
MoS3/FTO 1M H2SO4 120 40 2 170 296 
Defect rich MoS2 0.5M H2SO4 120 50 13 200 297 
MoO3-MoS2/FTO 0.5M H2SO4 150-
200 
50-60 10 310 247 
MoS2 nanosheets 0.5M H2SO4 200 54 10 195 298 
Mo2C nanowires 0.5M H2SO4 70 53 60 200 299 
MoN/C 0.1M HClO4 157 54.5 2 290 300 
NiMoNx/C 0.1M HClO4 78 35.9 2 170 300 
CoSe2 nanobelts 0.5M H2SO4 50 48 - - 301 
WS2 nanosheets 0.1M H2SO4 80-100 60 - - 302 
WS2/RGO 0.5M H2SO4 150-
200 
58 23 300 303 
Ni2P 0.5M H2SO4 - 46 10 116 136 
100 180 
FeP 0.5M H2SO4 100 67 10 ∼240 304 
Bulk Mo2C 0.1M HClO4 - 87.6 1 204 305 
Mo2C/CNT 0.1M HClO4 - 55.2 10 152 305 
Oxygen-
incorporated MoS2 
0.5M H2SO4 120 55 126.5 300 306 
MoS2/graphene/Ni 0.5M H2SO4 - 42.8 10 141 307 
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Table 17 
(continued) 
100 263 
Co-NRCNTs 0.5M H2SO4 50 69 1 140 308 
10 260 
CoP/CC (carbon 
cloth) 
0.5M H2SO4 38 51 10 67 138 
20 100 
100 204 
MoB 1M H2SO4 ≥100 55 20 210-240 309 
Mo2C 1M H2SO4 ≥100 56 20 210-240 309 
Co-MoS3/FTO pH 0 - 43 - - 169 
Ni2P nanoparticles 1M H2SO4 50 87 20 140 137 
MoS2/RGO 0.5M H2SO4 100 41 20 170 61 
Amorphous WP 0.5M H2SO4 - - 10 120 310 
20 140 
Crystalline WP 0.5M H2SO4 - - 10 200 310 
20 223 
MoP 0.5M H2SO4 50 54 30 180 142 
CoP 0.5M H2SO4 - 50 20 85 311 
MoP-graphite 
nanosheets 
0.5M H2SO4 320V 
vs. 
Ag/Ag
Cl 
63 10 460 312 
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Table 17 
(continued) 
      
 
Cu3P NWs 
 
0.5M H2SO4 
 
62 
 
67 
 
1 
 
79 
168 
10 143 
100 276 
CoP NWs  
0.5M H2SO4 
 
40 
 
54 
  
141 2 70 
10 122 
 
CoP film 
 
0.5M H2SO4 
 
25 
 
50 
10 85  
313  
Cu3P NWs/CF 0.5M H2SO4 62 67 1 79 314 
10 143 
100 276 
 
FeP NPs 
 
0.5M H2SO4 
 
50 
 
37 
  
143 10 50 
20 61 
 
MoP|S 
 
 
0.5M H2SO4 
 
 
- 
 
 
50 
10 64  
 
21 
20 78 
100 120 
 
WP2 SMPs 
 
 
0.5M H2SO4 
 
 
54 
 
 
57 
2 115  
 
146 
10 161 
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Electrochemical impedance spectroscopy and Tafel slope 
          Based on the above, the reaction kinetics of HER for NPs of Cu3P, (Cu0.83Co0.17)3P, and for 
the various sulfur doped NPs in the (Cu0.83Co0.17)3P:S system including commercial Pt/C were 
studied using electrochemical impedance spectroscopy (EIS). Accordingly, EIS was carried out 
to determine the charge transfer resistance (Rct) in 0.5 M H2SO4 electrolyte solution (pH∼0) at (-
0.05 V vs RHE) in the frequency range of 100 mHz-100 kHz at 26oC at an amplitude of 10 mV, 
using the circuit model RΩ(RctQ1) for fitting the experimental data, where RΩ is the ohmic 
Table 17 
(continued) 
      
 
WP2 nanorods 
(NRs) 
 
 
0.5M H2SO4 
 
 
56 
 
 
52 
2 101  
 
315 
10 148 
CoP branched 
nanostructure 
0.5M H2SO4 - 48 20 117 139 
CoP nanoparticles 0.5M H2SO4 - - 20 100 139 
P-WN/rGO 0.5M H2SO4 46 54 10 85 200 
Cu3P NWs/CF 0.5M H2SO4 62 67 10 143 314 
Ni-Mo nanopowder 0.5M H2SO4 - - 20 80 316 
Co0.6Mo1.4N2 0.1M HClO4 - - 10 190 132 
(Cu0.83Co0.17)3P:30
S 
0.5M H2SO4 10 32 10 46 Current 
work 
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resistance, which includes contribution mainly from electrolyte and electrode.  Similarly, Rct is 
charge transfer resistance and Q1 is the constant phase element representing the contribution 
from the capacitance behavior of the electro-catalyst surface.   
 
 
 
 
Figure 102: EIS spectra of (Cu0.83Co0.17)3P NPs (total loading=0.7 mg/cm2), 
(Cu0.83Co0.17)3P:S NPs of different S concentration (total loading=0.7 mg/cm2) and 
commercial Pt/C (Pt loading=0.4 mgPt/cm2) obtained at (-0.1 V vs RHE) in 0.5 M H2SO4 
electrolyte solution at 260C in the frequency range of 100 mHz to 100 kHz (Amplitude=10 
mV) 
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Figure 103: EIS spectrum of Cu3P NPs (total loading=0.7 mg/cm2) obtained at (-0.05 V vs 
RHE) in 0.5 M H2SO4 electrolyte solution at 260C in the frequency range of 100 mHz to 100 
kHz (Amplitude=10 mV) 
 
 
 
The EIS plot of the electro-catalysts show a well-formed semicircular arc (Figure 102 
and Figure 103). The diameter of semi-circular arc is used to determine the charge transfer 
resistance (Rct). The Rct for all the NPs of the (Cu0.83Co0.17)3P: S system is significantly lower 
than that of (Cu0.83Co0.17)3P NPs and pure Cu3P NPs (Figure 102, Figure 103 and Table 16) 
clearly reflecting significant improvements in the kinetics of HER (significant decrease in 
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activation polarization) upon the incorporation of the dual dopants, Co and S into the Cu3P lattice 
resulting in superior electrochemical activity for HER of all the NPs in the (Cu0.83Co0.17)3P:S 
system contrasted to that of (Cu0.83Co0.17)3P NPs and pure Cu3P NPs, respectively. 
Correspondingly, the Rct for all the NPs of the (Cu0.83Co0.17)3P:S system decreases with increase 
in S concentration with the lowest value of Rct obtained for (Cu0.83Co0.17)3P:30S NPs (∼7 Ω.cm2), 
suggesting improvement in reaction kinetics (decrease in activation polarization) and thus, 
improved electrochemical activity, with increase in S concentration with the highest current 
value of 17.2 mA cm-2 at -0.05V vs RHE obtained for (Cu0.83Co0.17)3P:30S NPs (exhibiting 
lowest activation polarization in this study) (Figure 102, Figure 103 and Table 16). It should 
also be noted that Rct for (Cu0.83Co0.17)3P:30S NPs (∼7 Ω.cm2) is nine-fold lower than that of 
Cu3P NPs (∼65.29 Ω.cm2), five-fold lower than that of (Cu0.83Co0.17)3P NPs (∼31.3 Ω.cm2) and 
almost comparable to commercial Pt/C (∼6.32 Ω.cm2) (Figure 102, Figure 103 and Table 16). 
Thus, (Cu0.83Co0.17)3P:30S NPs shows outstanding electrochemical performance for HER with 
the reaction kinetics (activation polarization) being almost similar to that of Pt/C. 
           The Tafel slope of pure Cu3P NPs, (Cu0.83Co0.17)3P NPs, (Cu0.83Co0.17)3P:10S NPs, 
(Cu0.83Co0.17)3P:20S NPs and (Cu0.83Co0.17)3P:30S NPs and commercial Pt/C, calculated from 
iRΩ corrected Tafel plots (in 0.5 M H2SO4), are 96 mV dec-1, 55 mV dec-1, 50 dec-1, 40 mV dec-1, 
32 mV dec-1 and 31.6 mV dec-1 (similar to earlier reports 144, 196, 198, 201, 279), respectively (Figure 
104, Figure 105 and Figure 106). The lower Tafel slopes for all the NPs of the (Cu0.83Co0.17)3P: 
S system corresponding to different S concentrations compared to that of pure Cu3P NPs and 
(Cu0.83Co0.17)3P NPs is again a reflection of the superior reaction kinetics of all the NPs of the 
(Cu0.83Co0.17)3P: S system than that of pure Cu3P NPs and (Cu0.83Co0.17)3P NPs which is also seen 
in EIS analysis (Figure 102 and Figure 103). The Tafel slope for (Cu0.83Co0.17)3P: S NPs 
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decreases with increase in S concentration with the lowest value obtained for 
(Cu0.83Co0.17)3P:30S NPs (32 mV dec-1), suggesting clearly an enhancement in the reaction 
kinetics (increase in number of electrons involved in HER) resulting in superior electrochemical 
activity for HER, which increases with increase in S concentration with the highest 
electrochemical response of 17.2 mA cm-2 at -0.05V vs RHE obtained for (Cu0.83Co0.17)3P:30S 
NPs (Figure 104, Figure 105 and Figure 106). It is again of interest to note that the Tafel slope 
of (Cu0.83Co0.17)3P:30S NPs (32 mV dec-1) is almost similar to that of commercial Pt/C (31.6 mV 
dec-1) indicating almost similar reaction kinetics and thus, similar electrochemical activity of 
(Cu0.83Co0.17)3P:30S NPs and commercial Pt/C (Figure 104, Figure 105 and Figure 106) for 
HER which is known to primarily proceed through the Volmer-Tafel mechanism for both 
(Cu0.83Co0.17)3P:30S NPs and commercial Pt/C.64, 144 The Tafel slope of (Cu0.83Co0.17)3P:30S NPs 
(32 mV dec-1) is the lowest Tafel slope obtained so far compared to other reported non-noble 
metals based HER electro-catalysts published in the open literature, to the best of our knowledge 
(Table 17). These results collectively taken again show that the incorporation of dual dopants, 
Co and S into the  Cu3P lattice offers unique modification of the electronic structure (as predicted 
by first principles ab-initio studies discussed before and also seen in XPS analysis) exhibiting 
significantly lower reaction polarization (lower onset overpotential) and lower activation 
polarization (improved reaction kinetics) than that of Cu3P, resulting in excellent electrochemical 
activity with the highest electrochemical activity of 17.2 mA cm-2 current density at -0.05V vs 
RHE obtained for (Cu0.83Co0.17)3P:30S NPs, which is almost similar to that of Pt/C (~17.6 mA 
cm-2). 
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Figure 104: Tafel plot of pure Cu3P NPs (in 0.5 M H2SO4 electrolyte solution) 
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Figure 105: Tafel plot of (Cu0.83Co0.17)3P NPs (in 0.5 M H2SO4 electrolyte solution) 
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Figure 106: Tafel plot of (Cu0.83Co0.17)3P:S NPs of different S concentration (total 
loading=0.7 mg/cm2) and commercial Pt/C (Pt loading=0.4 mgPt/cm2) (in 0.5 M H2SO4 
electrolyte solution) 
 
 
 
Electrochemical stability test 
           The long term electrochemical stability of (Cu0.83Co0.17)3P:30S NPs is studied by 
performing chronoamperometry (CA) test wherein the electrode was maintained at constant 
potential of (-0.05 V vs RHE) and the loss in current density (i.e., electrochemical activity) is 
studied for the period of 24 h. The CA curve of (Cu0.83Co0.17)3P:30S NPs, shown in Figure 107, 
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alongside that of commercial Pt/C, depicts negligible loss in current density (~1.6%)  at the end 
of 24 h which is similar to that of commercial Pt/C (~1.5%). The LSV curve obtained after 24 h 
of exposure of the (Cu0.83Co0.17)3P:30S NPs to the CA test (Figure 108) clearly depicts 
negligible loss in electrochemical activity. The inductively coupled plasma optical emission 
spectroscopy (ICP-OES) analysis of electrolyte solution (0.5 M H2SO4) collected after 24 h of 
CA test of (Cu0.83Co0.17)3P:30S NPs indicates very minimal amount of elements (~0 ppm) having 
leached out from electrode in the electrolyte solution (Table 18). These results show excellent 
long term electrochemical stability of (Cu0.83Co0.17)3P:30S NPs, under HER operating conditions 
similar to that of Pt/C. 
 
 
 
 
Figure 107: The variation of current vs time in the chronoamperometry (CA) test of 
(Cu0.83Co0.17)3P:30S NPs (total loading=0.7 mg/cm2) and commercial Pt/C (Pt loading=0.4 
mgPt/cm2), performed in 0.5 M H2SO4 electrolyte solution at a constant potential of (-0.05 V 
vs RHE) at 260C for 24 h 
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Figure 108: The iRΩ corrected linear scan voltammogram (LSV) curve for HER of 
(Cu0.83Co0.17)3P:30S NPs (total loading=0.7 mg/cm2), obtained in 0.5 M H2SO4 electrolyte 
solution at 26oC using scan rate of 1 mV/sec, after 24 h of CA test 
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Table 18: Results of ICP analysis on 0.5 M H2SO4 solution after chronoamperometry test of 
(Cu0.83Co0.17)3P:30S NPs 
Elements Concentration (ppm) 
Cu 9.4×10-3 ± 0.001 
Co 8.2×10-3 ± 0.0002 
S 7.1×10-3 ± 0.001 
P 6.6×10-3 ± 0.002 
 
 
 
5.5.3 ELECTROCHEMICAL CHARACTERIZATION OF (Cu0.83Co0.17)3P:30S NPs AS 
HER ELECTRO-CATALYST IN H-TYPE PHOTOELECTROCHEMICAL WATER 
SPLITTING CELL  
           The NPs containing 30 at. % S, namely (Cu0.83Co0.17)3P:30S NPs is studied as electro-
catalyst for HER in H-type PEC water splitting cell using (Sn0.95Nb0.05)O2:N-600 nanotubes 
(NTs) as the photoanode/working electrode. The photoanode and cathode compartments were 
separated by Nafion 115 membrane in H-type cell.76 Chronoamperometry (CA) test was 
conducted for (Sn0.95Nb0.05)O2:N-600 NTs (photoanode) under illumination (100 mW cm-2) by 
applying a constant potential of ∼0.75 V (vs RHE) for 24 h  using (Cu0.83Co0.17)3P:30S NPs (total 
loading=0.7 mg cm-2) as the cathode electro-catalyst for HER in 0.5 M H2SO4 electrolyte 
solution (pH∼0) at 26oC. It should be mentioned that 0.75 V (vs RHE) is chosen for the CA test, 
since a maximum ABPE of ∼4.1% was obtained using (Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) 
as semiconductor material for photoanode as mentioned earlier, and Pt as cathode electro-
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catalyst for HER, as well as reported by us in an earlier publication 76). During the CA test, the 
amount of H2 gas (generated at the cathode) was measured after each 1 h interval using a gas 
chromatograph (helium as the carrier gas, Agilent 7820A) and further used for the determination 
of the applied bias photon-to-current efficiency (ABPE). For comparison, the ABPE was also 
determined using Pt/C (Pt loading=0.4 mgPt cm-2) as the cathode electro-catalyst, using similar 
procedure followed for (Cu0.83Co0.17)3P:30S NPs.             
         The amount of H2 generated at the cathode as a function of irradiation time for 
(Cu0.83Co0.17)3P:30S NPs and Pt/C used as the cathode electro-catalyst, is shown in Figure 109. 
It is noteworthy to see that the amount of H2 evolved at the cathode using the 30 at. % S 
containing NPs of (Cu0.83Co0.17)3P:30S as electro-catalyst is almost similar to that of commercial 
Pt/C. This can again be considered to be due to similar reaction polarization (similar onset 
overpotential) and similar activation polarization (similar reaction kinetics) for both 
(Cu0.83Co0.17)3P:30S NPs and commercial Pt/C, as discussed earlier in the LSV studies (Figure 
101 and Table 16) and EIS analysis (Figure 102, Figure 103 and Table 16). 
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Figure 109: Amount of H2 evolved at cathode as a function of irradiation time for 
(Cu0.83Co0.17)3P:30S NPs (total loading=0.7 mg/cm2) and Pt/C (Pt loading=0.4 mgPt/cm2) as 
cathode electro-catalyst for HER 
 
 
 
Correspondingly, the ABPE is determined using the equation75, 77-79: 
 
where, nH2 = H2 evolution rate (mol sec-1) 
∆Go =Gibbs free energy for generating one mole of H2 from water (237130 J mol-1) 
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P = Total incident power (W cm-2) 
A = Area irradiated by incident light (cm2) 
I = Photocurrent (A) 
V = Bias voltage applied (0.75 V vs RHE) to (Sn0.95Nb0.05)O2:N-600 NTs (photoanode/working 
electrode) 
 
 
 
 
Figure 110: ABPE as a function of irradiation time for (Cu0.83Co0.17)3P:30S NPs (total 
loading=0.7 mg/cm2) and Pt/C (Pt loading=0.4 mgPt/cm2) as cathode electro-catalyst for 
HER 
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          The plot of ABPE as function of irradiation time is shown in Figure 110.  The ABPE 
obtained using (Cu0.83Co0.17)3P:30S NPs (∼4%) is almost similar to that obtained using 
commercial Pt/C as cathode electro-catalyst for HER (∼4.1%). Also, it should be noted that the 
ABPE of ∼4% is obtained using materials (for both, the cathode and the photoanode) completely 
devoid of any precious metals (e.g. Pt) in this study. Furthermore, the ABPE of ∼4% obtained 
using (Cu0.83Co0.17)3P:30S NPs as HER electro-catalyst and (Sn0.95Nb0.05)O2:N-600 NTs as 
photoanode in H-type PEC water splitting cell is the highest ABPE obtained thus far in the open 
published literature compared to other semiconductor materials studied as photoanode for PEC 
water splitting based on TiO2, ZnO and Fe2O3 to the best of our knowledge.64, 76, 114, 176-178 In 
addition, the minimal loss in ABPE (~1.8%) for (Cu0.83Co0.17)3P:30S NPs  at the end of 24 h of 
irradiation shows excellent electrochemical stability of (Cu0.83Co0.17)3P:30S NPs similar to that 
of Pt/C (~1.7% loss in ABPE at the end of 24 h) for continuous H2 production in the PEC water 
splitting cell used in the current study for both the (Cu0.83Co0.17)3P:30S NPs and Pt/C system 
using (Sn0.95Nb0.05)O2:N-600 NTs as the photoanode.  
           The present theoretical and experimental study demonstrates excellent electrochemical 
performance of (Cu0.83Co0.17)3P:30S NPs, almost similar to that of commercial Pt/C in acidic 
media. This can be attributed to the introduction of Co and S in the Cu3P lattice, resulting in 
novel and unique modification of the electronic structure, as indicated by the first principle 
studies discussd later (Section A.4 (Cu0.83Co0.17)3P:S HER ELECTRO-CATALYST FOR 
CATHODE) and confirmed by XPS analysis (Figure 97, Figure 98, Figure 99 and Figure 100). 
The system correspondingly exhibits onset overpotential as seen in LSV plot (Figure 101 and 
Table 16), reaction kinetics (charge transfer resistance) as studied in EIS analysis (Figure 102, 
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Figure 103 and Table 16) and Tafel slope (Figure 104, Figure 105, Figure 106 and Table 2), 
electrochemical activity in PEC water splitting cell in acidic media (H2 yield and ABPE) (Figure 
109 and Figure 110), almost similar to that of commercial Pt/C. These results collectively thus, 
demonstrate the potential of (Cu0.83Co0.17)3P:30S NPs clearly as a replacement of the state of the 
art commercial Pt/C and with further system modification it is possible that the system can 
achieve even superior electrochemical activity for HER than that of Pt/C. The present report of 
its excellent electrochemical performance and stability for HER in both electrolytic water 
splitting (i.e., water electrolysis) and PEC water splitting indeed is a testimonial of a hallmark 
breakthrough achieved in the pursuit of identification and development of low cost, highly active 
and robust non-noble metals based electro-catalyst for HER for replacing the expensive state of 
the art commercial Pt/C electro-catalyst used at present. 
 
Conclusions: 
The present study shows that the sulfur and cobalt doped (Cu0.83Co0.17)3P: S nanoparticles (NPs) 
system serves as a potential cathode electro-catalyst for HER. The system was identified using 
theoretical first principles studies. The XRD patterns of the synthesized (Cu0.83Co0.17)3P:S NPs 
clearly indicate the formation of single phase with hexagonal structure (similar to that of Cu3P). 
The XPS analysis conducted also showed modification in the electronic structure upon 
incorporation of Co and S into the Cu3P lattice, leading to superior electrochemical activity for 
HER. The present study thus clearly demonstrates (Cu0.83Co0.17)3P:S NPs of different S 
concentration exhibiting excellent electrochemical activity for HER with onset overpotential of 
∼10 mV (vs RHE) which is similar to that of commercial Pt/C in acidic media and is indeed the 
lowest obtained so far compared to other reported non-noble metals based HER electro-catalysts 
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in the open literature. The highest electrochemical performance is obtained for 
(Cu0.83Co0.17)3P:30S NPs, which showed overpotential to reach current density of 100 mA cm-2, 
almost similar to that of commercial Pt/C in acidic media and lower than other reported non-
noble metals based HER electro-catalysts. These results bode well with the results of the 
theoretical study. Additionally, the (Cu0.83Co0.17)3P:30S NPs showed excellent electrochemical 
activity for HER as cathode electro-catalyst in PEC water splitting system using 
(Sn0.95Nb0.05)O2:N-600 nanotubes (NTs) as photoanode in acidic media. An ABPE od ~4% 
obtained using (Cu0.83Co0.17)3P:30S NPs is almost similar to that of commercial Pt/C as cathode 
electro-catalyst for HER (∼4.1%) and the highest obtained so far using completely non-noble 
metals based materials (for cathode and photoanodes based on literature reports for TiO2, ZnO 
and Fe2O3), to the best of our knowledge. Furthermore, the (Cu0.83Co0.17)3P:30S NPs exhibit 
excellent long term electrochemical stability for HER in acidic media similar to that of Pt/C in 
both water electrolysis and PEC water splitting cell. Hence, the present study demonstrates 
(Cu0.83Co0.17)3P:30S NPs as potential electro-catalyst for replacing Pt/C for HER in electrolytic 
and photoelectrochemical water splitting system due to its excellent electrochemical performance 
and stability. The results reported here is anticipated to offer significant reduction in the capital 
cost of electrolytic and PEC water splitting systems for achieving efficient and economic 
hydrogen generation to address the global energy crisis. It is also likely that this system will 
ensure sustainable development of modern society utilizing clean non-carbonaceous fuels 
leading to an energy efficient economy. 
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6.0   SUMMARY 
           Vertically aligned 1-D semiconductor photoelectro-catalyst nanomaterials [for oxygen 
evolution reaction (OER) at photoanode] and nanostructured ultra-low noble metal containing 
solid solution electro-catalysts as well as noble metal-free electo-catalysts [for hydrogen 
evolution reaction (HER) at cathode] have been chemically synthesized, characterized and 
developed for use in solar energy driven water splitting, i.e., photoelectrochemical water 
splitting. The experimental work in this thesis was primarily targeted towards the 
accomplishment of superior efficiency and durability of the catalyst materials.  
           Semiconductor nanomaterials with significantly improved optoelectronic properties and  
excellent photoelectrochemical performance were obtained for the photoanodes using simple and 
economical liquid phase deposition method. The strategies involved comprised the following: (i) 
systematic band gap engineering using co-doping strategy for ZnO and SnO2 to improve electron 
mobility compared to other well-studied semiconductor photoanodes and (ii) development of 
bilayered composite nanomaterials of Nb and N co-doped SnO2 and WO3 to achieve facile 
separation and transport of photogeneratyed carriers, thereby, achieving superior solar-to-
hydrogen efficiency (STH) with minimum to no applied bias in addition to solar energy. The 
PEC activiy of semiconductor materials was studied by analyzing the following: (i) incident 
photon-to-current efficiency (IPCE) obtained by using different optical band-pass filters to 
obtain information about the number of incident photons converted to photocurrent density in the 
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photoanode half-cell; (ii) Applied bias photon-to-current efficiency (ABPE) to study the 
utilization of the incident photons and the applied bias in initiating the water splitting reaction at 
the photoanode half-cell; (iii) solar-to-hydrogen efficiency (STH) to study the full-cell efficiency 
giving vital information about the incident photons at the photoanode which are further 
converted to hydrogen fuel at the cathode of the PEC water splitting cell in the absence of any 
bias. Thus, STH is ideally extremely important for the identification of efficient semiconductor 
materials that could essentially drive both OER and HER without the need of any co-catalysts 
and externally applied bias. The semiconductor nanomaterials currently studied in this thesis 
portend to be potentially preferred for use as a photoanode OER material in PEC water splitting. 
The results however, provide a path forward for potentially identifying novel photoanode 
materials that could likely attain higher STH values in the future. 
Similarly, different electro-catalyst systems were chosen systematically for HER at 
cathodes of PEC water splitting in order to achieve excellent electrochemical activity and 
superior long term stability with the aim of replacing state of the art expensive and precious 
platinum electro-catalyst. The corresponding strategies involved synergistic Co-Ir alloying and 
thus, achieving improved chemical and catalytic properties compared to pure Co and pure Ir. 
Accordingly, Co(Ir) solid solution powders of different compositions were chemically 
synthesized. The strategy of Co(Ir) offered significantly improved electrochemical performance 
and efficiency not only compared to pure Co and pure Ir but also Pt/C electro-catalyst in 
electrolytic as well as PEC water splitting cells. In addition, the strategy for development of 
completely noble metal-free electro-catalyst involved Co and S co-doping strategy in Cu3P for 
achieving beneficial modification of the electronic structure and thus, obtaining highly active 
surface phase for HER. The co-doping strategy offered excellent electrochemical performance of 
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chemically synthesized (Cu,Co)3P:S nanoparticles for HER in electrolytic and PEC water 
splitting cells, similar to that of Pt/C.   
           Systematic structural and electrochemical characterization was conducted in this thesis to 
understand the relation between the catalyst structure and the electrochemical behavior. 
6.1 1-D SEMICONDUCTOR PHOTOELECTRO-CATALYSTS FOR 
PHOTOANODES 
           1-D nanostructures of Co and N co-doped ZnO nanowires (NWs)  and Nb and N co-doped 
SnO2 nanotubes (NTs) have been synthesized on FTO substrate using simple liquid phase 
deposition method followed by heat treatment in ammonia atmosphere at different temperatures 
(400oC, 500oC and 600oC). No phase separation or any extra peak was observed for dopants used 
in the current thesis studies. Detailed characterization and photoelectrochemical studies were 
conducted to confirm the potential of photoelectro-catalysts as an OER photoanode for PEC 
water splitting. The study of co-doped ZnO NWs and SnO2 NTs has been discussed in Section 
5.1 and Section 5.2, respectively. These results establish the potential of co-doping strategy in 
significantly improving optoelectronic properties and photoelectrochemical performance of ZnO 
and SnO2 semiconductor systems. The co-doping strategy modified the electronic structure of 
ZnO and SnO2 leading to significant band gap reduction offering superior visible light 
absorption, ~4-5 order of magnitude improved carrier density and facile electrochemical charge 
transfer compared to pure ZnO NWs and SnO2 NTs.  
           The modified optoelectronic and charge transport properties of co-doped ZnO and SnO2 
(used as photoanode) aid in achieving superior PEC activity and applied bias photon-to-current 
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efficiency (ABPE) compared to pure ZnO and SnO2. In fact, an η of 1.39% for 
(Zn0.95Co0.05)O:N-600 NWs, the highest reported thus far, to the best of the literature values 
known is obtained for ZnO based nanostructures. Furthermore, an η of 4.1% is obtained for 
(Sn0.95Nb0.05)O2:N-600 NTs, which is even higher than that of hitherto studied TiO2, ZnO, α-
Fe2O3 systems following careful assessment of the dated reported literature. Additionally, 
(Zn0.95Co0.05)O:N-600 NWs and (Sn0.95Nb0.05)O2:N-600 NTs exhibit excellent long term PEC 
stability in the electrolyte solution under illumination. These results gave the motivation for 
further system modification of (Sn0.95Nb0.05)O2:N-600 NTs with the aim of achieving- (i) 
excellent separation of photogenerated electron-hole pairs resulting in longer carrier lifetime, (ii) 
superior STH under illumination at zero applied bias. 
           Consequently, bilayered semiconductor photoanodes comprising (Sn0.95Nb0.05)O2:N-600 
and WO3 were synthesized using wet impregnation method and liquid phase deposition approach 
followed by heat treatment in ammonia atmosphere at 600oC. Extensive structural analysis 
utilizing x-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive x-ray 
spectroscopy (EDX), transmission electron microscopy (TEM) and x-ray photoelectron 
microscopy (XPS) was performed for the synthesized semiconductor nanomaterials. Detailed 
results of structural analysis and photoelectrochemical characterization have been described in 
Section 5.3. Coupling nanolayers of (Sn0.95Nb0.05)O2:N-600 and WO3 semiconductor materials 
offered modified optoelectronic properties, improved charge transport and excellent separation 
of photogenerated electron-hole pairs with minimum recombination under illumination, thereby, 
resulting in an hallmark ~20 fold improvement at (-0.2 V vs RHE, which is near zero bias and 
selected following the earlier reports in the literature 65, 105, 218, 256-260) in carrier lifetime compared 
to (Sn0.95Nb0.05)O2:N-600 NTs. 
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           The bilayer semiconductor nanostructures of [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs 
showed excellent photoelectrochemical activity and superior long term photoelectrochemical 
stability in the acidic electrolyte solution under illumination. In fact, [WO3-(Sn0.95Nb0.05)O2:N-
600]-2 NTs showed a remarkable STH of ∼3.83% (with no external potential applied) and ABPE 
of ~5.1% (at 0.6V vs RHE), which is the highest STH/ABPE reported thus far compared to other 
reported photoanode materials such as ZnO, Fe2O3 and TiO2, to the best of our knowledge.  
          The significantly improved optoelectronic properties and facile electrochemical charge 
transfer for 1-D semiconductor nanostructures developed and studied in this thesis suggest their 
potential as an OER photoanode for PEC water splitting and also opens up new avenues for these 
materials to be likely used in different solar energy based applications. For photoanodes, light 
absorption losses, recombination losses and polarization losses mainly limit STH/ABPE and 
electricity cost for the bilayer system. As discussed in Section 5.3, recombination losses decrease 
by a commendable ~12% for [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs under the applied bias of 
~0.6V (vs RHE) compared to the no bias condition, suggesting promise of the composite bilayer-
2 system. Despite these losses, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs show excellent PEC 
performance under applied bias with a commendable ABPE of ~5.1% (at ~0.6V vs RHE) and 
STH of ~3.83% (under no bias). Hence, [WO3-(Sn0.95Nb0.05)O2:N-600]-2 NTs bilayer system is 
indeed promising and further electronic structural modification of bilayer system by changing 
band edge positions, which can be achieved by suiable materials and defects engineering by 
introducing suitable acceptor/donor levels (in the band gap), will help in lowering the above 
mentioned losses and thus, likely contribute to achieving high STH (at zero applied bias) and 
superior ABPE (under minimal applied bias). 
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6.2 NANOSTRUCTURED HER ELECTRO-CATALYSTS 
           The electro-catalytic materials based on Co(Ir) and (Cu,Co)3P:S in 3D architectures of 
nanoparticles were synthesized to achieve the compositional homogeneity at atomic scale. 
Synthesis of the nanostructured electro-catalyst architectures was carried out to promote co-
operative and sequential reaction steps along different catalytic domains of the nanoscale 
structures. 
           Co1-x(Irx) (x=0, 0.2, 0.3, 0.4, 1) solid solution nanoparticles of different compositions 
were synthesized by the wet chemical reduction approach. Solid solution formation resulted in 
excellent electrochemical activity for HER with no compromise in stability. Detailed 
electrochemical experiments and kinetic studies, along with the long term structural stability 
tests and EIS studies were conducted as discussed in Section 5.4. The electrochemical and 
kinetic parameters of Co1-x(Irx) (x=0.3, 0.4) were significantly superior than Pt/C in electrolytic 
and PEC water splitting cells, which was corroborated by other electrochemical tests such as 
polarization, EIS and chronoamperometry (CA). The excellent ABPE of ∼5.74% and ∼7.92% 
obtained using Co1-x(Irx) (x=0.3, 0.4) [∼40% and ∼93% higher than that of Pt/C (∼4.1%), 
respectively] portends ∼60-70 mol.% reduction in noble metal content in HER electro-catalyst. 
           Nanoparticulate robust cobalt doped copper phosphofluoride, .i.e., (Cu0.83Co0.17)3P:x at.% 
S (x=10, 20, 30) sysem of differen compositionwas were synthesized via wet chemical approach. 
Excellent electrochemical properties along with superior corrosion resistance and ABPE of ∼4% 
[similar to that of Pt/C (∼4.1%)] were obtained for (Cu0.83Co0.17)3P:30 at. % S for HER [using 
(Sn0.95Nb0.05)O2:N-600 NTs as photoanode] and is discussed in Section 5.5. A thorough 
characterization utilizing a range of characterizing techniques of XRD, SEM, EDX, TEM and 
 271 
XPS was carried out to complement the electrochemical results. This work shows a hallmark 
∼100 mol.% reduction in noble metal content in HER electro-catalyst without any compromise in 
electrochemical performance. 
           Identification and engineering of such non-noble metals based electro-catalyst material 
systems by further modification on atomic scale as well as naoscale architectures will indeed 
yield comparable or even higher electrochemical performance than the gold Pt/C standard and 
would contribute immensely to reducing the overall capital costs of electrolytic and PEC water 
splitting cells. This result would thus likely help in the attainment of the targeted hydrogen 
production cost (< $3.0/gallon gasoline equivalent delivered) comparable to conventional liquid 
fuels and thus, will aid in addressing the global energy crisis while ensuring sustainable 
development of modern society with clean non-carbonaceous fuels based economy. 
 The results detailed in this thesis provide a compilation of strategies to develop novel 
materials displaying excellent electrochemical and photoelectrochemical response to splitting of 
water under acidic and neutral pH conditions. Strategies identified and implemented offer a 
rational pathway to identification of new photoanode materials with the promise for splitting 
water without the inducement of any electrical bias. Similarly, strategies are outlined for the 
development of electrocatalysts with minimal or completely devoid of noble metals and precious 
metals indicating their prowess to generate hydrogen serving as efficient cathode electrocatalysts 
in PEC water splitting systems. It is anticipated that the work detailed herein would serve as a 
pathway for continued research to be conducted leading to the development of new and novel 
materials that will likely result in even higher STH reported in this thesis ultimately meeting or 
even exceeding the DOE required standards while also meeting the proven robustness, accepted 
stability and performance inclusive of both, electrochemical and photoelectrochemical response 
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matching and exceeding that of Pt/C under practical field scale applications. These continuing 
studies will be planned for in the future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 273 
APPENDIX A 
FIRST PRINCIPLES CALCULATIONS 
All the first principle calculations reported herein have been conducted by Dr. Oleg I. 
Velikokhatnyi, a Research Assistant Professor in the Department of Bioengineering at the 
University of Pittsburgh (Dr. Kumta’s group). The theoretical studies complement the 
experimental results described herein in this thesis and provide valuable supporting information 
contributing to the fundamental understanding of the electrochemical activity of all the 
electrocatalysts and photoelectrocatalysts considered in this thesis. 
A.1  Co AND N CO-DOPED ZnO NANOWIRES (NWs) (PHOTOANODE) 
A.1.1 COMPUTATIONAL METHODOLOGY 
          The overall photoelectro-catalytic performance of ZnO is expected to depend on various 
factors, one of which is the width of the electronic band gap between the valence and the 
conduction bands of the oxide, which has strong dependence on the electronic structure of the 
material. Thus, the main aim of the computational component of the present study is to 
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investigate and understand the effects of chemical compositions of ZnO-based oxides on the 
electronic structure and the photoelectro-catalytic activity from the theoretical considerations. 
The total energy, electronic and optimized crystal structures as well as the total and projected 
densities of electronic states of pure ZnO and doped with Co and N have been calculated using 
the first principles approach within the density functional theory (DFT).  
 At room temperature, it is known that ZnO adopts the wurtzite crystal ctructure with 
hexagonal symmetry P63mc space group and having four atoms in the elementary unit cell. 
Experimentally determined lattice parameters are: a= 3.253 Å , and c = 5.213 Å. Zinc atoms 
occupy the special 2b Wyckoff positions (1/3, 2/3, 0), while oxygen atoms also occupy 2b 
positions with coordinates (1/3, 2/3, u), where u = 0.3817.317 Each oxygen atom lies in a 
tetrahedral site surrounded by four zinc atoms located at the corners of the tetrahedron and vice 
versa, each zinc atom is surrounded by four oxygen atoms. This unit cell has thus been chosen as 
a basis for construction of [2x2x2] 32-atom supercell allowing modeling of various compositions 
of Co- and N- co-doped ZnO. In particular, one out of 16 available Zn atoms could be replaced 
for Co resulting in the following formula unit (Zn0.9375Co0.0625)O corresponding to 6.25 at% of 
Co in the Co-doped ZnO. Similarly, replacement of one atom of oxygen for nitrogen corresponds 
to 6.25 at% of N. Accordingly, the substitution of two atoms of Zn or O corresponds to 12.5 at% 
of these elements. 
          The Vienna Ab-initio Simulation Package (VASP) was used within the projector-
augmented wave 318 method 319-321 to calculate the total energies, electronic structure and density 
of electronic states, while the generalized gradient approximation322 was used for the exchange-
correlation energy functional in a form suggested by Perdew and Wang323. This program 
calculates the electronic structure and via the Hellmann-Feynman theorem, the inter-atomic 
 275 
forces are also determined from first-principles. Standard PAW potentials were employed for the 
Zn, Co, O, and N potentials containing twelve, nine, six, and five valence electrons, respectively. 
          It is known that Co-doped ZnO demonstrates ferromagnetic properties originating from d-
electrons of Co2+ ions in the compound (see, for example324) and hence, the spin-polarized 
calculations of the total energy and the electronic structure have been performed for all the 
compositions containing Co-doping, namely (Zn0.9375Co0.0625)O as well as 
(Zn0.9375Co0.0625)O0.9375:N0.0625 and (Zn0.9375Co0.0625)O0.875:N0.125. 
         The plane wave cutoff energy of 520 eV has been chosen for all the materials considered to 
maintain a high accuracy of the total energy calculations. The lattice parameters and internal 
positions of atoms were fully optimized employing the double relaxation procedure, and 
consequently, the minima of the total energies with respect to the lattice parameters and internal 
ionic positions have been determined. This geometry optimization was obtained by minimizing 
the Hellman–Feynman forces via a conjugate gradient method, so that the net forces applied on 
every ion in the lattice are close to zero. The total electronic energies were converged within 10-5 
eV/un.cell resulting in the residual force components on each atom lower than 0.01 eV/Å/atom, 
thus allowing for an accurate determination of the internal structural parameters for the oxide. 
The Monkhorst-Pack scheme was used to sample the Brillouin Zone (BZ) and generate the k-
point grid for all the materials considered in the present study. A choice of the appropriate 
number of k-points in the irreducible part of the BZ was based on convergence of the total 
energy to 0.1 meV/atom.  
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A.1.2 RESULTS OF THE COMPUTATIONAL STUDY 
Pure ZnO 
 It should be noted that there are several published theoretical studies dedicated to pure 
and doped ZnO and the electronic structure of the oxide has already been thoroughly discussed 
in the literature (see, for example,325-327). However, in the context of the current study it is logical 
and pertinent to describe the electronic structure of ZnO. In addition, pure ZnO will be used to 
illustrate the combined Co- and N-doping effects on the ZnO electronic structure. 
 The total and projected densities of electronic states calculated for pure ZnO are shown in 
Figure 111. The primary energy band structure of ZnO consists of three bands. The low energy 
band between -17 and -18 eV is composed of the 2s states of oxygen. The wide valence band 
within the energy interval from -6.1 to 0.0 eV consists of Zn 3d states located primarily between 
-6.1 and -4 eV and O 2p states located between -4 eV and the Fermi level. Finally, the 
conduction band consists mainly of hybridized Zn 4s and O 2p electronic states separated from 
the valence band by the energy gap Ebg of 0.89 eV. This value of the forbidden gap is 
underestimated substantially in comparison to the experimental value of 3.18 eV as seen in 
Table 19328, which is the well-known intrinsic characteristic limitation of DFT calculations 
arising from the self-interaction effects and derivative discontinuities of the exchange correlation 
energy. However, for the purposes of the present study, a precise calculation of the band gap is 
not essentially critical since the goal of the present work is to assess the overall effect of Co and 
N co-doping on the electronic structure of ZnO and hence, general trends of the electronic 
structure modifications during doping of ZnO is deemed sufficient.  Hence, this disadvantage of 
DFT will not affect the results obtained and discussed in the current study. Furthermore, the 
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main parameters of the electronic structure for ZnO calculated in the present study do agree well 
with the results obtained from previously published theoretical calculations.325, 326, 329 
 
 
 
 
Figure 111: Projected density of states for pure ZnO. Fermi level is set for zero. Fermi level 
is set for zero 
 
 
 
Table 19: Calculated and experimental optical band gaps EBG for pure and doped ZnO 
Composition EBG (eV)  calc. EBG (eV)  exp. 
ZnO 0.89 3.18 
[Zn0.9375Co0.0625]O 0.45 2.98 
Zn[O0.9375N0.0625] 0.70 - 
[Zn0.9375Co0.0625][O0.9375N0.0625] 0.34 2.31 
[Zn0.9375Co0.0625][O0.875N0.125] 0.23 2.16 
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ZnO doped with Co and N 
           The calculated total and projected densities of the electronic states for (Zn0.9375Co0.0625)O 
oxide composition are shown in Figure 114. It can be seen that the main band structure of the 
Co-doped ZnO is similar to the undoped oxide. However, the main difference between the two is 
the appearance of the Co-3d electronic states within the Fermi level vicinity. A narrow Co-3d 
spin-up states located at the top of the valence band are strongly hybridized with O-2p electrons 
and separated from almost non-hybridized conduction Co-3d spin-down states by the energy gap 
of 0.45 eV. This optical band gap value is noticeably smaller than the EBG calculated for the pure 
ZnO (0.89 eV) which agrees well with experimental observations (Table 19) demonstrating 
narrowing of the optical band gap following Co-doping of ZnO. Of course, both values are 
significantly underestimated due to the reasons discussed above. However the relative difference 
between these values is qualitatively the same as that observed experimentally. It should also be 
noted that since the impurity Co-3d states locate at the Fermi level, it clearly indicates that Co 
doped ZnO is n-type semiconductor. Additionally, the calculated electronic structure is very 
similar to other spin-polarized calculations reported in the literature324. 
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Figure 112: Total and projected density of states for ZnO doped with 6.25 at% of Co. Top 
panel is for spin-up, bottom panel is for spin-down. Fermi level is set for zero 
 
 
 
To further elucidate the effects of nitrogen doping on the electronic structure of ZnO, 
(ZnO0.9375):N0.0625 has been considered as a representative composition. The projected density of 
electronic states for this composition is shown in Figure 113. As described above, it can be seen 
that the general picture is almost identical to that for pure ZnO. The only difference between 
pure and N-doped ZnO oxide is the appearance of N-2p impurity states at the top of the valence 
band. The calculated band gap EBG is 0.7 eV which is noticeably narrower than the 
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corresponding band gap of 0.89 eV for pure ZnO. This trend also agrees well with calculations 
reported by Xu. Zong et al.330. Thus, the addition of N can helps in decreasing the optical band 
gap further and extend the absorption of ZnO to the visible region. 
 
 
 
 
Figure 113: Projected density of states for ZnO doped with 6.25 at% of N. Fermi level is set 
for zero 
 
 
 
 Simultaneous co-doping of nitrogen together with cobalt into ZnO significantly 
influences the electronic structure of the system within the Fermi level vicinity (Figure 114 and 
Figure 115) Figure 114 and Figure 115 show the calculated projected density of electronic 
states for (Zn0.9375Co0.0625)O0.9375:N0.0625 and (Zn0.9375Co0.0625)O0.875:N0.125 respectively. From 
Figure 114, it can be seen that there is a new impurity band originated from N-2p states located 
right in place of the optical band gap presented in Co-doped ZnO. Being strongly hybridized 
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with spin-down Co-3d states, this band closes completely the former optical band gap located 
below the Fermi level of Co-doped ZnO. However, new optical band gap opens above the Fermi 
level separating the spin-down filled and empty Co-3d states. Calculated value of this band gap 
is 0.34 eV. An increase in the N-content in the compound results in further narrowing of the 
optical band gap up to 0.23 eV as shown in Table 19. Otherwise, the overall electronic structure 
for 12.5 at% N remains identical to that of the previous case for 6.25 at% of N. Thus, the present 
computational study provides a qualitative agreement and validation of the experimental 
observations reflecting a general trend of narrowing the optical band gap obtained by Co and N 
co-doping of ZnO. The calculated and experimentally measured optical band gaps for all the 
materials considered in the present study are shown in Table 19. 
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Figure 114: Projected density of states for ZnO doped with 6.25 at% of Co and 6.25 at% of 
N. Top panel is for spin-up, bottom panel is for spin-down. Fermi level is set for zero 
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Figure 115: Projected density of states for ZnO doped with 6.25 at% of Co and 12.5 at% of 
N. Top panel is for spin-up, bottom panel is for spin-down. Fermi level is set for zero 
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A.2 Nb AND N CO-DOPED SnO2 NANOTUBES (NTs) (PHOTOANODE) 
A.2.1 COMPUTATIONAL METHODOLOGY 
          The overall photoelectro-catalytic performance of SnO2 is expected to depend on various 
factors, an important component being the width of the electronic band gap between the valence 
and conduction bands of the oxide. Thus the main aim of the computational aspect of the present 
study is to investigate and understand effects of chemical compositions of SnO2-based oxides on 
the electronic structure and the photo-electro-catalytic 331 activity from theoretical 
considerations. The total energy, electronic and optimized crystal structures as well as the total 
and projected densities of electronic states for pure SnO2 and SnO2 doped with Nb and N have 
been calculated using the first principles approach within the density functional theory (DFT).  
          It is well known that SnO2 adopts the rutile structure with a tetragonal unit cell and space 
group P42/mnm with lattice parameters: a = b = 4.738 Å, and c = 3.187 Å (experimentally 
obtained as shown in Table 5). The unit cell contains six atoms, two tin atoms occupying the 2a 
Wyckoff positions: (0, 0, 0); (0.5, 0.5, 0.5) and four oxygen ions occupying the 4f positions: (u, 
u, 0); (-u, -u, 0); (0.5+u, 0.5–u, 0.5); (0.5-u, 0.5+u, 0.5), where u = 0.307.332, 333 Each unit cell 
consists of octahedra with tin atom at the center and six oxygen atoms located at the corners. 
This unit cell has been chosen as the basis for the construction of the 48-atom [2x2x2] supercell 
containing 16 atoms of Sn and 32 atoms of O allowing modeling of various compositions of the 
Nb- and N- doped SnO2. In particular, one out of 16 available Sn atoms could be replaced for 
one Nb resulting in the following formula unit (Sn15Nb1)O32 corresponding to 6.25 at% of Nb in 
the Nb-doped SnO2. Similarly, replacement of one atom of oxygen for nitrogen will correspond 
to 3.125 at% of N. Accordingly, substitution of two and four atoms of O for N corresponds to 
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6.25 at% and 12.5 at% of N in the oxide compounds. Thus, based on this supercell the following 
compositions have been chosen for calculations of the electronic and structural properties: 
Sn15Nb1O32, Sn16O31N1, Sn15Nb1O31N1, Sn15Nb1O30N2, and Sn15Nb1O28N4, which correspond 
very closely to the chemical compositions actually used in the experimental aspect of the present 
study namely, Sn0.95Nb0.05O2, Sn0.95Nb0.05O1.97N0.03, Sn0.95Nb0.05O1.93N0.07, and 
Sn0.95Nb0.05O1.86N0.14.  
           It should be noted, that for modeling oxides with randomly distributed doping elements, a 
very large crystal supercell is required to suppress effects of long-range order of the structure and 
mimic the disordered state of the lattice. However, since the goal of the present study is 
qualitative evaluation of the effects of Nb and N doping on electronic structure of SnO2, 
consideration of a single crystal in its ground state within 48-atom supercell is deemed sufficient. 
           Vienna Ab-initio Simulation Package (VASP) was utilized to calculate density of 
electronic states, electronic structure and total energies within the projector-augmented wave 318 
method319-321 in a form reported earlier by Perdew and Wang323 using the generalized gradient 
approximation (GGA) for the exchange-correlation energy functional. This program calculates 
the electronic structure and the inter-atomic forces (identified from first-principles via the 
Hellmann-Feynman theorem). Standard PAW potentials were employed for the Sn, Nb, O, and N 
potentials containing four, eleven, six, and five valence electrons, respectively. 
           520 eV has been chosen as the plane wave cutoff energy in the case of all the materials 
considered in this study in order to maintain a high level of accuracy in total energy calculations. 
Double relaxation procedure was used to optimize lattice parameters and internal atomic 
positions. Thus, the minima of the total energies with respect to the lattice parameters and 
internal ionic positions have been calculated. This geometry optimization was obtained by 
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minimizing Hellman–Feynman forces (using a conjugate gradient method) in order to ensure that 
net forces applied on every ion in the lattice~0. The total electronic energies were converged 
within ~10-5 eV/un.cell ensuring the residual force components <0.01 eV/Å/atom. This allows 
for a high level of accuracy in determination of the oxide internal structural parameters. The 
Monkhorst-Pack scheme was used to sample the Brillouin Zone (BZ) and generate the k-point 
grid for all the materials considered in the present study. Number of k-points in the irreducible 
part of the BZ was chosen on the basis of convergence of total energy to 0.1 meV/atom. In order 
to minimize significant error in the calculations of the cohesive energy, a cubic box with edges 
of 15x15x15 Å3 was chosen to eliminate any interatomic interaction caused by the periodic 
boundary conditions while calculating the total energy of isolated atoms of all the elements 
comprising the materials considered. 
 
A.2.2 RESULTS OF THE COMPUTATIONAL STUDY 
Pure SnO2 
 It should be noted that the electronic structure of pure SnO2 is ubiquitously discussed in 
the literature334-336 from a theoretical perspective. Nevertheless, in the context of the present 
work it is logical to describe the electronic structure of SnO2. In addition the electronic structure 
of pure SnO2 will be used for illustrating the combined Nb- and N-doping effects on the SnO2 
electronic structure.  
 The total and projected densities of electronic states calculated for pure SnO2 are thus 
shown in Figure 116. The main energy band structure of SnO2 consists of three bands, low 
energy oxygen 2s states (~-18.9  to -16.4 eV), wide valence band (-7.9 to 0.0 eV) consisting of 
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hybridized O-2p – Sn-5s, -5p states  (forming three sub-bands with O-2p – Sn-5s, O-2p – Sn-5p, 
and the non-hybridized O-2p states, respectively) and the conduction band consisting mainly of 
Sn-5s states (lower band) and Sn-5p states (upper band) with relatively small admixture of the 
oxygen 2s- and 2p- states. The energy gap separating the top of the valence band from the 
bottom of the conduction band of the Sn-5s character, is equal to 1.12 eV. Due to the well-known 
intrinsic characteristic limitation of DFT (on account of self-interaction effects and derivative 
discontinuities of the exchange correlation energy), the value of the forbidden gap is 
underestimated substantially in comparison to the experimental measured value of 3.53 eV 
(Table 20). Since the goal of the current study is to compare the general trends of the electronic 
structure modifications arising from the doping of SnO2 (using Nb and N), a precise calculation 
of the band gap is however not critical. Hence this noted disadvantage of DFT will not 
significantly affect the results obtained and discussed in the current study. Furthermore, the main 
parameters of the electronic structure for SnO2 calculated in the present study agree well with the 
results obtained from previously published theoretical calculations.334-336 
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Figure 116: Projected density of states for pure SnO2, SnO2 doped with 6.25 at% of Nb, 
SnO2 doped with 3.125 at% of N. Fermi level is set for zero 
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Table 20: Calculated and experimental values of optical band gap (EBG) of pure and doped 
SnO2 
Composition 
Calculated EBG 
(eV)   
Experimental 
EBG (eV)   
SnO2 1.12 3.53 
(Sn0.94Nb0.06)O2 1.08 3.1 
Sn(O1.97N0.03) 0.80 - 
(Sn0.94Nb0.06)(O1.97N0.03) 0.93 2.58 
(Sn0.94Nb0.06)(O1.94N0.06) 0.91 2.38 
(Sn0.94Nb0.06)(O1.875N0.125) 0.87 1.99 
 
 
 
SnO2 doped with Nb and N 
The calculated total and projected densities of electronic states for (Sn0.94Nb0.06)O2 oxide 
composition are shown in Figure 116. One can see that the main band structure of the Nb-doped 
SnO2 is similar to the undoped SnO2. However, the main difference between the two is an 
appearance of the Nb-4d electronic states slightly hybridized with Sn-5s and O-2p states located 
at the bottom of the conduction band within the Fermi level vicinity. The valence band of Nb-
doped SnO2 remains virtually the same as that of pure SnO2 and is separated from the hybridized 
conduction band by the energy gap of 1.08 eV. This optical band gap value is quite smaller than 
the EBG calculated for the pure SnO2 (1.12 eV) which agrees well with experimental observations 
demonstrating narrowing of the optical band gap observed with Nb-doping (Table 20). Of 
course, both values are significantly underestimated due to the limitation of DFT analysis 
(mentioned above). However the relative difference between these values is qualitatively the 
same as that experimentally observed. Since the impurity Nb-4d states locate at the Fermi level, 
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it clearly indicates that Nb-doped SnO2 is a n-type semiconductor. Also, the calculated electronic 
structure is very similar to other calculations reported previously.336 
           To study effect of nitrogen doping on electronic structure of SnO2 the composition 
SnO1.96875N0.03125 has been considered. The projected density of electronic states for this 
composition is shown in Figure 116. One can see that the general picture is almost the same as 
for pure SnO2. The only difference between pure and N-doped SnO2 oxide is the appearance of 
N-2p impurity states at the top of the valence band. The calculated band gap EBG is 0.8 eV 
(Table 20) which is noticeably narrower than the corresponding calculated band gap of pure 
SnO2. Thus it can be seen that indeed the incorporation of N can help decrease the optical band 
gap and correspondingly extend the absorption of SnO2 into the visible region. 
 Simultaneous co-doping of nitrogen together with niobium into SnO2 significantly 
influences the electronic structure of the system within the Fermi level vicinity. Figure 117 
shows the calculated projected density of electronic states for (Sn0.94Nb0.06)O1.97N0.03, 
(Sn0.94Nb0.06)O1.94N0.06, and (Sn0.94Nb0.06)O1.875N0.125, respectively. One can see that the overall 
electronic structure results from the combination of Nb-doped SnO2 and N-doped SnO2 
considered above. Compared to pure SnO2, there are N-2p electronic states located at the top of 
the valence band and Nb-4d electronic states located at the bottom of the conduction band, 
separated by the energy gap (EBG). The value of this optical band gap gradually decreases with 
increase in the concentration of N in the compound (from 0.93 eV for 3 at% to 0.87 eV for 12.5 
at% of N). Such a narrowing of the optical band gap originates from widening of the N-2p states 
at the top of the valence band with the corresponding increase in the N-concentration. Otherwise, 
the overall electronic structure is virtually the same for all the three different compositions 
containing 3, 6, and 12.5 at% of N shown in Figure 117. Thus, the present computational study 
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is in qualitative agreement with the experimental observations reflecting a general trend of 
narrowing the optical band gap with co-doping of Nb and N into SnO2 structure. The calculated 
and experimentally measured optical band gaps for all the materials considered in the present 
study are shown in Table 20. 
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Figure 117: Projected density of states for (Sn0.94Nb0.06)(O1.97N0.03), (Sn0.94Nb0.06)(O1.94N0.06), 
(Sn0.94Nb0.06)(O1.875N0.125). Fermi level is set for zero 
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A.3 Co(Ir) SOLID SOLUTION HER ELECTRO-CATALYST FOR CATHODE 
A.3.1 COMPUTATIONAL METHODOLOGY  
           The catalytic activity of electro-catalyst can be described by a parameter, ∆GH* which is 
the free energy of the adsorbed H on the electro-catalyst surface. ∆GH* is desired to be close to 0 
eV, which indicates easy adsorption and desorption of hydrogen atoms from the electro-catalyst 
surface.72-74 ∆GH* is represented by the following equation: ∆GH* = ∆EH* + ∆ZPE - T∆S. The 
reaction energy, ∆EH* is calculated using DFT as follows: 
ΔEH* = E(Me + nH) – E(Me + (n-1) H) – 1/2 E(H2) 
where E(Me + nH) is the total energy of a metal surface slab with n hydrogen atoms adsorbed on 
surface, E(Me + (n-1)H) is the total energy of the corresponding metal surface slab with (n-1) 
hydrogen atoms (after removal of one hydrogen atom from given site) and E(H2) is the total 
energy of hydrogen molecule in gas phase. In all the calculations, fcc sites have been considered 
as the active sites with 1 monolayer of H-coverage on the (111) fcc surface. The zero point 
energy correction ∆ZPE minus the entropy term T∆S has been taken equal to 0.24 eV, following 
the work of Nørskov et al.74, for calculations of ∆GH* for all electro-catalysts considered in this 
study. 
           All the slabs consist of three fcc layers with fixed bottom and middle layers. A top layer 
was allowed to relax together with all the adsorbed hydrogen atoms on it. The free energy of the 
hydrogen adsorption has been directly calculated for pure Co, Ir and Pt metals as well as for 
Co2/3Ir1/3 alloy. For the pure metals, a [2x2] surface unit cell has been chosen similar to that 
suggested in 74, while for Co-Ir alloy a [2x3] unit cell with 2 Ir and 4 Co atoms on all the three 
layers has been used. The slab was separated from its image by a vacuum layer of ~17 Å. The 
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[2x3] surface unit cell denoted by the solid lines with 2 Ir and 4 Co atoms is shown in Figure 
118. One can see that there are 6 fcc active sites with three different types of surroundings: 1) 
three Co atoms, 2) one Ir and two Co atoms, and 3) two Ir and one Co atoms. For all the three 
types of the sites, the free energy of the hydrogen adsorption has been calculated and an average 
∆GH* has been obtained. In this model, we made an assumption that the overall catalytic activity 
in general, and ∆GH* in particular, will depend only on amount of specific active sites mentioned 
above, but not on their spatial distribution in the bulk and at the surface. It seems plausible, since 
the catalytic activity as a macroscopic quantity is expected to depend on ∆GH* averaged over the 
elementary unit cell of the surface slab. Another approximation of the model is to consider 
reconstruction of the surface only at the top layer leaving other two layers fixed. To validate 
correctness of these assumptions, there would be a need to conduct extensive and time 
consuming DFT calculations with numerous surfaces and bulk atomic configurations (planned 
for future studies to be included in a following submission). However, the aim of the proposed 
very simplified approach is a quick qualitative evaluation of the catalytic activity of various 
alloyed compositions without determining an exact composition for the most optimal material. 
The convenience of this approach is based on gaining knowledge of ∆GH* calculated only for 
very few different types of the active sites described later in this study. 
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Figure 118: (111) fcc surface with [2x3] (solid lines) and [3x3] (extended with dashed lines) 
unit cell. Yellow balls – the top layer; blue balls – middle layer; light gray balls – the 
bottom layer. Arrows denote fcc active sites. Numbers 1, 2, and 3 denote sites with different 
surroundings 
 
 
 
           In the present study for all the DFT calculations, the Vienna Ab-initio Simulation Package 
(VASP) has been used within the projector-augmented wave 318 method 319-321 and the 
generalized gradient approximation 322 for the exchange-correlation energy functional, in a form 
suggested by Perdew and Wang.323 This program calculates the electronic structure and via the 
Hellmann-Feynman theorem, the inter-atomic forces were determined from first-principles. 
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Standard PAW potentials were employed for the Ir, Co and Pt potentials containing nine, nine, 
and ten valence electrons, respectively. 
           For all the materials considered in this study, the plane wave cutoff energy of 520 eV has 
been chosen to maintain a high accuracy of the total energy calculations. The lattice parameters 
and internal positions of the atoms were fully optimized employing the double relaxation 
procedure and consequently, the minima of the total energies with respect to the lattice 
parameters and internal ionic positions have been determined. This geometry optimization was 
obtained by minimizing the Hellman–Feynman forces via a conjugate gradient method, so that 
the net forces applied on every ion in the lattice are close to zero. The total electronic energies 
were converged to within 10-5 eV/un.cell resulting in the residual force components on each 
atom to be lower than 0.01 eV/Å/atom, thus allowing for an accurate determination of the 
internal structural parameters for the material. The Monkhorst-Pack scheme was used to sample 
the Brillouin Zone (BZ) and generate the k-point grid for all the materials studied in the present 
research work. 
A.3.2 RESULTS OF THE COMPUTATIONAL STUDY 
            Recent years has witnessed tremendous progress in the fundamental understanding of 
water splitting mechanisms occurring at the surfaces of metal and metal oxide electro-catalysts 
using modern theoretical approaches [in particular, Density Functional Theory (DFT)]. In 
particular, substantial efforts have been made by Prof. J. K. Nørskov and his group in identifying 
a parameter describing the catalytic activity of the given material 72-74. Specifically, for the 
hydrogen evolution reaction (HER), they demonstrated a strong correlation between the 
measured exchange current density (io) and calculated hydrogen binding energy (∆GH*) to the 
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specific surface of electro-catalysts reported before 74. Such dependence has a prominent 
maximum at ∆GH* ≈ 0 and bears the ubiquitous relation term called, “the volcano plot”. For a 
good HER electro-catalyst, therefore, there is a desire for the free energy of the adsorbed H to be 
close to 0 such that the hydrogen atoms would be able to spontaneously adsorb and desorb from 
the surface during the hydrogen evolution process. As expected, the top of the volcano is 
occupied by Pt which is the predominant gold standard electro-catalyst for HER with the 
calculated ∆GH* quite close to zero. Thus, the task of identifying good electro-catalyst materials 
for HER could partially be reduced to the calculation of the hydrogen binding energy to the 
catalytic surface, ∆GH* and ascertaining the position of this energy on the corresponding volcano 
plot. Modifying the electronic structure of the catalytic surface in such a way that the binding 
energy, ∆GH* becomes more optimal in terms of positioning the system on the volcano plot may 
also indeed substantially improve the electrochemical activity and thus aid in identifying the 
most optimal electro-catalyst for HER. 
           Accordingly, the computational component of the present study is thus an attempt to 
analyze the fundamental aspects underlying the high eletrochemical activity of the Co-Ir alloys 
described in the experimental section of the current study. As it was shown in Figure 84, pure 
Co and pure Ir demonstrate lower electrochemical activity than their solid solution alloys 
containing 30-40 at% of Ir. For these purposes, the hydrogen binding free energy (∆GH*) has 
been obtained from DFT calculations essentially by subtracting the free energy of the clean 
catalyst surface and a half of a hydrogen molecule in the gas phase from the corresponding free 
energy of the catalyst surface with hydrogen atom bonded to the site. The methodology is very 
similar to that presented by Nørskov et al. in their previous report 74. 
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Table 21: ΔGH* in eV calculated for different materials and different types of the active 
sites 
 From Ref. 74 Present study 
Pure Co -0.49+0.24 = -0.25 -0.48+0.24 = -0.24 
Pure Ir -0.16+0.24 = +0.08 -0.17+0.24 = +0.07 
Pure Pt -0.27+0.24 = -0.03 -0.29+0.24 = -0.05 
1. Ir0.33Co0.67     [3Co] - -0.46+0.24 = -0.22 
2. Ir0.33Co0.67    [Ir-2Co] - -0.37+0.24=-0.13 
3. Ir0.33Co0.67   [2Ir-Co] - -0.27+0.24=-0.03 
 
 
 
           Table 21 collects the value of ΔGH*, calculated for pure Co, Ir, and Pt metals as well as 
for three different types of sites in Ir1/3Co2/3 alloy within the unit cell shown in Figure 118. The 
corresponding ΔGH* calculated by Nørskov et al. in previous report 74 are also presented for 
comparative purposes. One can see that for Ir1/3Co2/3 alloy composition in the [2x3] unit cell, 
there is one site of the first type (3Co), four sites of the second type (1Ir-2Co), and one site of the 
third type (2Ir-1Co). An average value of ΔGH* calculated over all of the six sites is -0.128 eV 
collected in the corresponding column of Table 22.  
 
 
 
 
 
 
 
 
 299 
Table 22: Average and interpolated ΔGH* for various Co-Ir alloys 
Alloy Unit cell # of sites Average 
ΔGH* (eV) 
Interpolated 
ΔGH* (eV) 
Ir0.44Co0.56 [ 3 x 3 ] 
4Ir; 5Co 
4[Ir-2Co] + 
4[2Ir-Co]+1[3Co] 
-0.096  
Ir0.4Co0.6 - - - -0.109 
Ir0.33Co0.67 [ 2 x 3 ] 
2Ir; 4Co 
4[Ir-2Co] + 
1[3Co]+1[2Ir-Co] 
-0.128  
Ir0.3Co0.7 - - - -0.138 
Ir0.22Co0.78 [ 3 x 3 ] 
2Ir; 7Co 
4[Ir-2Co] + 
4[3Co]+1[2Ir-Co] 
-0.159  
Ir0.2Co0.8 - - - -0.165 
Ir0.17Co0.83 [ 2 x 3 ] 
1Ir; 5Co 
3[Ir-2Co] + 
3[3Co] 
-0.175  
 
 
 
           Knowing ΔGH* for these three types of sites, one can configure other chemical 
compositions using different sizes of the unit cell. For example, for the alloy Co0.78(Ir0.22) one 
can set up considering a [3x3] surface unit cell (in Figure 118, the cell is extended by dashed 
lines) with 2 Ir and 7 Co atoms on the surface. Corresponding number of different sites is 
indicated in the third column of Table 22. Similar constructions for other Ir-Co compositions 
have been made and the average adsorption hydrogen energies have been calculated and 
collected in Table 22. The last column of Table 22 contains the interpolated ΔGH* for the 
experimental Co-Ir alloys of different composition synthesized in the present study. The 
interpolations have been made using a linear approximation of ΔGH* between the two neighbor 
compositions with calculated adsorption energies.  
           In addition to the hydrogen binding energy that was calculated outlined above, it is 
possible to create a graph showing the dependence of experimentally determined exchange 
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current density on the calculated values for ΔGH* for all the materials considered. This plot is 
shown in Figure 119 which indeed exhibits the typical volcano plot shape with the prominent 
maximum corresponding to the Co0.6(Ir0.4) alloy and located at -0.109 eV. One can expect the 
position of the maximum around zero ΔGH* as it was established for many other systems (for 
example, [53]). This deviation can be attributed to the simplicity of the model used in the present 
study which may provide slightly underestimated values for calculated ΔGH* of binary Co-Ir 
alloys. Anyway, the hydrogen adsoption energies for Co-Ir alloys essentially lie in between ΔGH* 
for pure Co and Ir. It is obvious that the binding energies at the active sites containing both Co 
and Ir atoms are expected to be weaker than the ΔGH* for pure Co and correspondingly, stronger 
than the ΔGH* for pure Ir. Such a harmonization of the Co-H and Ir-H interactions due to the 
proper selection of the alloying composition within the Co-Ir alloy system thus renders the 
system comprising of two mediocre catalytic components to demonstrate excellent prowess for 
HER making them thus excellent electro-catalysts. This is essentially the reason contributing to 
the superior electrochemical activity of Co(Ir) solid solution electro-catalysts compared to pure 
Co and pure Ir, as discussed before (Section 5.4.2 and Figure 84).  
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Figure 119: Experimentally measured exchange current density (i0) as a function of 
calculated ΔGH* for pure Co, Ir, Pt and Co-Ir alloys 
 
 
 
           It is also important to note that the solid solution electro-catalyst Co1-x(Irx) (x= 0.3, 0.4) 
outperform even Pt/C in facilitating HER. All other metals and alloys fit well in the volcano plot 
clearly demonstrating the validity of the concept relating the hydrogen binding energy ΔGH* as a 
significant descriptor of the metal surface catalytic activity analogous to the familiar volcano 
plot. Also, this simplistic consideration of the HER helps in understanding synergistic effect of 
Co-Ir alloying in modification of the electronic structure of the surface and thus, in improving 
the overall electro-catalytic properties of the materials. 
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           It should be noted that this computational study does not explain why Co0.6(Ir0.4) alloy 
demonstrates a higher catalytic activity than pure Pt. A thorough fundamental experimental and a 
more comprehensive study involving computations of the kinetic parameters of HER, such as the 
various activation barriers of all the elementary reactions steps during hydrogen evolution 
process will help in unraveling this aspect and also, to understand origin of improvement in 
electrochemical activity of Co(Ir) alloys of different compositions.  
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A.4 (Cu0.83Co0.17)3P:S HER ELECTRO-CATALYST FOR CATHODE 
A.4.1 COMPUTATIONAL METHODOLOGY  
          The electro-catalytic activity of an electro-catalyst can be described by a parameter, ∆GH* 
which is the free energy of adsorbed hydrogen atom on the electro-catalyst surface. ∆GH* is 
desired to be close to 0 eV, which indicates the ease of adsorption and desorption of hydrogen 
atoms from the electro-catalyst surface.72-74 ∆GH* is represented by the following relation: ∆GH* 
= ∆EH* + ∆ZPE - T∆S. The reaction energy ∆EH* is calculated using the density functional 
theory methodology (DFT) as following: 
ΔEH* = E(Mat + nH) – E(Mat + (n-1) H) – 1/2 E(H2), 
where E(Me + nH) is the total energy of a metal surface slab with the n hydrogen atoms adsorbed 
on the surface, E(Me + (n-1)H) is the total energy of the corresponding metal surface slab with 
(n-1) hydrogen atoms (after removal of one hydrogen atom from the given site) and E(H2) is the 
total energy of the hydrogen molecule in the gas phase.  
           Cu3P has a hexagonal crystal structure P63cm (group# 185) with 24 atoms in the unit cell 
with the following lattice parameters: a=b=6.959Å and c=7.143Å.337 For estimation of ΔEH*, the 
crystallographic surface (0001) has been chosen with the active sites located above Cu 4b-type of 
the lattice sites as shown in Figure 120. Co and S atoms are also shown in this figure. In all the 
calculations, 1 monolayer of H-coverage of the (0001) surface has been considered. Also, the 
zero point energy correction ∆ZPE minus the entropy term T∆S has been taken equal to 0.24 eV, 
as it was used by Nørskov et al.74, for calculations of ∆GH* for all materials considered in that 
study. 
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           All the surface slabs consist of five cupper and two phosphorus layers with fixed three 
lower copper and one phosphorus layers with the lattice parameters corresponding to the 
calculated bulk crystal structures. The remaining three top layers were allowed to relax together 
with all the adsorbed hydrogen atoms on the surface. The slab was separated from its image by a 
vacuum layer of ~20 Å. Since, the purpose of the present theoretical study is to bring to light the 
effects of Co and S elements on the overall catalytic activity of Cu3P, only one composition of 
each dopant has been chosen for the calculation of ∆GH* and other properties of the 
corresponding compounds. Thus, accordingly, the free energies of hydrogen adsorption to the 
surface have been calculated for pure Cu3P, (Co0.17Cu0.83)3P and (Co0.17Cu0.83)3P0.5:S0.5 
compositions. These compositions have been chosen from the crystallographic consideration of 
the Cu3P elementary unit cell. 
           In the present study for all the DFT calculations, the Vienna Ab-initio Simulation 
Package (VASP) has been used within the projector-augmented wave 318 method319-321 and the 
generalized gradient approximation for the exchange-correlation energy functional in a form 
suggested by Perdew and Wang.323 This program calculates the electronic structure and via the 
Hellmann-Feynman theorem, the inter-atomic forces are determined from first-principles. The 
standard PAW potentials were employed for the Cu, Co, P, and S potentials containing eleven, 
nine, five, and six valence electrons, respectively. 
           For all the materials considered in this study, the plane wave cutoff energy of 520 
eV has been chosen to maintain a high accuracy of the total energy calculations. The lattice 
parameters and internal positions of atoms were fully optimized employing the double relaxation 
procedure and consequently, the minima of the total energies with respect to the lattice 
parameters and internal ionic positions have been determined. This geometry optimization was 
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obtained by minimizing the Hellman–Feynman forces via a conjugate gradient method, so that 
the net forces applied on every ion in the lattice are close to zero. The total electronic energies 
were converged to within 10-5 eV/un.cell resulting in the residual force components on each 
atom to be lower than 0.01 eV/Å/atom thus, allowing for an accurate determination of the 
internal structural parameters for the material. The Monkhorst-Pack scheme was used to sample 
the Brillouin Zone (BZ) and generate the k-point grid for all the materials considered in the 
present study. 
 
 
 
 
Figure 120: Surface slab of Cu3P structure doped with Co and S. Red box is the unit cell 
used in all DFT calculations. Small blue balls – Cu, small green – Co, large yellow – P, large 
orange – S, the smallest black – hydrogen atoms attached to the surface on active sites. 
Vectors a, b, and c correspond to the bulk crystal structure lattice parameters 
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A.4.2 RESULTS OF THE COMPUTATIONAL STUDY 
The electro-catalytic activity of virtually any electro-catalyst is expected to depend on the 
electronic structure as well as the electronic conductivity, while the long term stability of the 
electro-catalyst is assumed to qualitatively depend on the cohesive energy of the system. The 
effect of compositions on the electronic and catalytic properties as well as the compositional 
effects on the structural stability of the material could be understood from the theoretical 
considerations.  
As mentioned in earlier section of the study, the main purpose of the computational 
component of the present study is to explore the effects of Co and S dopants on the electro-
catalytic activity as well as the structural and chemical stability of Cu3P during HER. For these 
purposes the electronic structure, hydrogen adsorption free energies ∆GH* as well as the cohesive 
energies have been considered as a qualitative measure of the structural and chemical stability, 
and they have all been calculated for the different materials considered in the current study.  
 It should be noted that for a good HER electro-catalyst, it is essential that the free energy 
of adsorbed H (∆GH*) should be close to 0 such that the hydrogen atoms would be able to easily 
adsorb and desorb from the surface during HER. Thus, the task of identifying a good electro-
catalyst material for HER could partially be reduced to estimation of the free binding energy of 
the hydrogen to the electro-catalytic surface. Modification of the electro-catalytic surface 
electronic structure by changing the chemical composition in such a way that the resulting ∆GH* 
becomes close to zero, may also substantially improve the electro-catalytic activity of the 
material. For these purposes therefore, the hydrogen binding free energy (∆GH*) has been 
obtained from DFT calculations by subtracting the free energy of the pristine electro-catalyst 
surface and a half of a hydrogen molecule in the gas phase from the corresponding free energy of 
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the electro-catalyst surface with hydrogen atom bonded to the site. The methodology is very 
similar to that presented by Nørskov et al. in previous report.74  
           Table 23 shows a tabulation of the free energies ∆GH*, density of states at the Fermi level, 
and cohesive energies for all the different materials considered in the present study. One can see 
that the hydrogen adsorption to the surface of pure Cu3P is too weak and quite far from the 
optimal value resulting in an inferior expected electro-catalytic activity for HER. It may be 
explained from the electronic structure consideration that since Cu-3d electrons locate relatively 
deep below the Fermi level the hybridization between these electrons and H-1s states located 
above the Fermi level becomes very weak thus, making adsorption of hydrogen atoms practically 
impossible (Figure 121). 
An introduction of Co into the Cu3P lattice substituting for Cu decreases ∆GH* noticeably 
bringing its value toward the more optimal energy value. In this case, new Co-3d electronic 
states are created locating in the vicinity of the Fermi level and hybridize with H-1s electrons 
more strongly resulting in stronger interaction between hydrogen atoms and the material’s 
surface. Such a modification of the electronic structure is expected to improve the electro-
catalytic activity of the electro-catalyst (Figure 121). Further substitution of phosphorus for 
sulfur in (Cu,Co)3P results in the hydrogen adsorption energy being even more close to the zero 
value of ~0.1 eV. This indicates a further increase in the strength of the hydrogen-surface 
interaction due to the stronger H-S bonds compared to the H-P bonds (bond dissociation energies 
for diatomic molecules are 353.6 kJ mol-1 vs. 297.0 kJ mol-1 respectively. This effect of the 
sulfur addition is expected to further improve the electro-catalytic activity of (Cu,Co)3P:S 
compound. Thus, using the concept of the free energy of the hydrogen adsorption to the electro-
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catalytic surface, the present study has shown positive effect of introduction of Co and S on the 
expected catalytic activity of Cu3P electrocatalyst for HER. 
 Another goal of the present study as outlined earlier is to investigate the effect of Co and 
S doping on the electronic conductivity of Cu3P. Since, in general the metallic conductivity is 
proportional to the density of states at the Fermi level N(EF), it provides an opportunity to 
qualitatively estimate the influence of those dopants on the overall electronic conductivity of 
Cu3P. The electronic structure of Cu3P calculated in the present study demonstrates slight metal-
type conductivity with non-zero density of the electronic states at the Fermi level (Figure 121) 
which is opposite to the experimental data indicating this material is a semiconductor with a 
narrow band gap ~0.8 eV between the valence and conduction electronic zones.338 This 
discrepancy with experimental data attributes to the inherent inability of the DFT methodology 
to reproduce correctly the band gaps of insulators and semiconductors with the well-known 
tendency of DFT to underestimate the corresponding band gap energy values on average by 30-
50%. Also, some materials with narrow band gaps may very well be presented as metal-type 
conductors. Nevertheless, in the case of Cu3P, the value of N(EF) is very small indicating poor 
electronic conductivity of the compound. The introduction of Co into the system however, 
changes the electronic structure in such a way that the presence of Co-3d electrons in the vicinity 
of the Fermi level increases the number of electrons and thus, improves the overall electronic 
conductivity of the material (Figure 121). An additional introduction of S into the (Cu,Co)3P 
lattice by substituting for P atoms further improves the conductivity (Figure 121), since sulfur 
atoms bring additional valence electrons into the system, thus increasing the number of total 
charge carriers at the Fermi level as indicated in the Figure 121. Such an increase in the 
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electronic conductivity also positively contributes to the overall electro-catalytic activity of the 
material along with hydrogen adsorption energy to the surface. 
The last aspect to be highlighted in the present theoretical study is the structural and 
electrochemical stability of the system for which the cohesive energy Ecoh can be considered as a 
qualitative indicator. The higher the Ecoh (the more negative value), the more durable is the 
electro-catalyst material and thus, can be expected to display long term stability and durability 
when considered over the entire duration of the long term HER electro-catalytic process. Ecoh 
calculated for all the materials are collected in Table 23. One can see that an introduction of Co 
into the Cu3P lattice substantially improves the overall stability of (Co0.17Cu0.83)3P due to the 
presence of much stronger Co-P bonds in comparison to Cu-P [calculated Ecoh for pure Cu3P is -
13.96 eV/f.un. vs. -14.94 eV/f.un. for (Co0.17Cu0.83)3P].168 However, further introduction of S into 
the (Co0.17Cu0.83)3P compound results in relative lowering of the cohesive energy that occurs 
mainly due to the lower ionic charge of S2- vs. P3- and thus, leads to significantly weakening the 
electrostatic component of Cu-S and Co-S bonds than those of Cu-P and Co-P ionic bonds. 
Nevertheless, even the relatively less stable (Co0.17Cu0.83)3P0.5:S0.5 compound is more stable than 
pure Cu3P, which makes this material likely more stable and capable of withstanding the harsh 
electrochemical conditions during HER.  
Thus, based on results of the DFT study, (Cu,Co)3P:S is expected to demonstrate 
improved electro-catalytic activity due to quite optimal hydrogen adsorption energy and high 
electronic conductivity together with good structural and chemical stability which altogether 
make this material a likely good candidate for demonstrating structural stability and high 
performance electro-catalytic response suitable for HER. The theoretical results presented here 
are accordingly experimentally verified by synthesizing and characterizing different 
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compositions of (Cu0.83Co0.17)3P: x at. % S (x=10, 20, 30) corresponding to different S 
concentrations to systematically study and illustrate the effect of different S concentrations on 
the electrochemical properties of (Cu0.83Co0.17)3P:S that are further discussed in the following 
sections. 
 
 
 
 
Figure 121: Calculated density of electronic states for pure Cu3P, (Co0.17Cu0.87)3P 
and (Co0.17Cu0.87)3P0.5:S0.5; Fermi level corresponds to zero energy 
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Table 23: Calculated free energy of hydrogen adsorption ∆GH*, the electronic 
density of states at the Fermi level, and cohesive energy -Ecoh for all materials considered in 
the present study 
Materials ∆GH* (in eV) N(EF) el./eV/unit cell -Ecoh (in eV/f.unit) 
Cu3P 0.31 1.5 13.96 
(Co0.17Cu0.83)3P 0.16 10.1 14.94 
(Co0.17Cu0.83)3P0.5:S0.5 0.10 11.7 14.48 
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APPENDIX B 
PERMISSIONS 
The thesis has text, figures and tables reprinted/reproduced with permission from several 
publishing companies and societies. All the journal papers listed here have been published in 
print and electronic form, wherein I (Prasad Prakash Patel) am a co-author. 
 
The six journal papers listed below have been used in Section 5.0 and APPENDIX A: 
1. P.P. Patel, P.H. Jampani, O.I. Velikokhatnyi, M.K. Datta, D. Hong, B. Gattu, J. Poston, A. 
Manivannan, P.N. Kumta, “Nitrogen and cobalt co-doped zinc oxide nanowires–Viable 
photoanodes for hydrogen generation via photoelectrochemical water splitting”, Journal of 
Power Sources, 299 (2015) 11-24, Copyright © 2015, Reprinted with permission from 
Elsevier. 
2. P.P. Patel, P.H. Jampani, O.I. Velikokhatnyi, M.K. Datta, B. Gattu, J. Poston, A. 
Manivannan, P.N. Kumta, “Vertically aligned nitrogen doped (Sn,Nb)O2 nanotubes–Robust 
photoanodes for hydrogen generation by photoelectrochemical water splitting”, Materials 
Science and Engineering B, 208 (2016) 1-14, Copyright © 2016, Reprinted with permission 
from Elsevier 
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3.P.P. Patel, P.H. Jampani, M.K. Datta, O.I. Velikokhatnyi, D. Hong, J. Poston, A. Manivannan, 
P.N. Kumta, “Cobalt based nanostructured alloys: Versatile high performance hydrogen 
evolution reaction electro-catalysts for electrolytic and phioto-electrochemical water splitting”, 
International Journal of Hydrogen Energy, 42 (2017) 17049-17062, Copyright © 2017, 
Reprinted with permission from Elsevier 
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